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SUMMARY

Antibiotic discovery requires a multilevel approach to finding candidates. My projects
involved three approaches toward the antibiotic discovery: (1) the identification of additional
targets of bio-active oxadiazole compounds, (2) understanding a drug resistant mechanism for the
next generation drug modification, and (3) the characterization of a drug target of multiple
pathogens for both narrow and broad spectrum drug development.

In the identification of additional targets of oxadiazole compounds, Staphylococcus aureus
resistant strains were developed against two compounds. The genomic DNA analysis of the
resistant strains revealed different mutations in the same gene, a gene in the tetracyline repressor
(TetR) family (we named it TetR-PK). To identify the gene that TetR regulates, a transposon
insertion was used to knock-out the TetR-PK gene, and further selected resistant strains. The
genomic DNA analysis of the resistant TetR-PK knock-out colonies showed a single nucleotide
insertion in an intergenic region in - between YhgE and TetR-PK genes. Further studies are
needed to determine the function of this intergenic region.

In the second approach, we used error prone PCR to generate 326 mutations in an essential
enzyme enoyl-acyl carrier protein reductase (Fabl). Forty two genes with single mutations were
introduced individually into an expression vector. The expressed proteins were then tested for
triclosan binding. MIC measurement of a mutant A33V show 450 fold increase in triclosan
concentration required to inhibit bacterial growth, clearly demonstrating its resistance toward
Triclosan. This mutational studies allow us to understand the mechanism(s) leading to triclosan

resistance and to provide possible modifications on triclosan rendering bio-activities again.

XV



The third approach focused on the biochemical and biophysical characterization of an
enzyme being targeted for drug development, the PurE enzyme in the purine biosynthesis pathway
of Bacillus anthracis, Francissella tularensis and Yersinia pestis. The solution properties of the
three homologous enzymes were mostly the same except the surface hydrophobicity. The results
defined a frame work for narrow and broad spectrum antibiotic development.

Antibiotic resistance is one of our most serious health threats, so we need to develop
antibiotics faster than the rate at which bacteria develop mutations that render them resistant. My
studies on target identification, target mutation and target characterization are all essential

components in antibiotic discovery.

Xvi



1 Introduction
1.1 Emergence of Antibiotic Resistant Pathogens

Natural evolution has the ability to create bacterial cells with many mutations in many
genes and/or with foreign plasmids from other bacterial cells. With the application of antibiotics,
many bacterial cells are killed by antibiotics and they are antibiotic sensitive bacterial cells.
Those with certain mutations or plasmids such that they are able to continue to grow in the
presence of antibiotics are left to grow and multiply, and they are antibiotic resistant bacterial
cells. The more antibiotics are used, the more resistant bacterial cells dominate, as stated in the
Center for Disease Control and Prevention (CDC) publication
(https://'www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508). As we apply
different antibiotics, we eradicate all susceptible and sensitive bacteria present. The resistant
bacteria eventually take over and some of the resistant pathogens transfer their resistant genes or
plasmids to other pathogens that were still susceptible to the given antibiotic. This transfer will
create new resistant strains and the resistance continues spreading (Figure 1.1).
The persisting threat of antibiotic resistant pathogens infection is a serious peril for medicine.
The need for new antibiotics to clear infection has created some unforeseen problems that are
threatening the efficacy of modern medicine. As we are increasingly relying on existing
antibiotics, the need to develop new antibiotics is more urgent than ever, given the rapid
emergence of antibiotic resistant pathogens. As stated above, antibiotic resistant pathogens
emerge from antibiotic sensitive bacteria with only a hand full of the bacteria being resistant to

our antibiotic.



How Antibiotic Resistance Happens
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Figure 1.1: Process of antibiotic resistant pathogen emergence. Blue depict pathogens that are
susceptible to the antibiotics, red refer to pathogens that are resistant to the antibiotics either by
having a resistant mutation in the genome or by having a resistant gene. X on blue describe the
susceptible bacteria that have been killed by the antibiotic. Purple depict a susceptible bacteria in

the process of acquiring a resistant gene (https://www.cdc.gov/drugresistance/about.html).



1.2 Common Antibiotics, Targets and Resistance Mechanisms

Up to the present days, we still rely heavily on antibiotics discovered during the “golden
era” of (1950 - 1970). Since the discovery of penicillin in 1928, more than 100 antibacterial
compounds have been discovered to treat infections mostly in that era. Since then, the pace at
which new class of antibiotic entered the clinics slowed down to the point where no new class of
antibiotic has been approved since the approval of damptomycin in1987 (Davies et al., 2010;
Lewis et al; 2013). This time span coincides with the accelerated emergence of antibiotic
resistant pathogens (Rogers et al., 2012). For example B-lactam, cycloserine, fosfomycin,
glycolipids, lantibiotic, lipoglycopeptides plectasin, and polypeptides target the cell wall
synthesis; amphenicols, lincosamides, macrolides and ketolides, oxazolidinones, pleuromutillin,
streptogramins, and thiopeptides, target the 50s in protein synthesis; aminocyclitols,
aminoglycosides, edeine pactamycin, and tetracyclines target the 30s in protein synthesis;
actinomycins, ansamycins, rifamycins, tiacumicins target RNA polymerase; aminocoumarins and
fluoroquinolones target DNA gyrase; diaminopyrimidines and sulfonamides target folate
synthesis mechanism; lipopeptides and polymyxins, target the cell membrane structure (Figure
1.2). Some of the prominent molecular antibiotic targets discovered so far also included DNA
topoisomerase I and IV, RNA polymerase, penicillin-binding proteins, peptidoglycan units, the
cell membrane, the 30s ribosome and 50s ribosome subunit, folic acid synthesis as reviewed in
(Kohanski et al., 2010; and Chellat et al., 2016; Figure 1.2). Resistant pathogens strains to these
classes of antibiotics (sulfonamides, B-lactams, aminoglycosides, tetracyclines, macrolides,

glycopeptides, streptogamins, lincosamides, linezolid, phenicols, rifammyins, fluroquinolones,
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and lipopeptides (Kohanski et al., 2010)) have emerged since the introduction of most of them in
the clinic. The observed methods of resistance included over-expression of efflux pump to expel
the antibiotics from the intracellular environment, destruction of the antibiotics, target mutation
or cellular membrane alteration to prevent the crossing of the antibiotic from outside of the cell

to inside of the cell (Chellat et al., 2016; Figure 1.2).
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bacteria to resist the antibiotics. “Acquisition” is getting foreign elements from the environment
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1.3 Impact of the Emerging Antibiotic Resistant Pathogens

Given the estimations by the Center for Disease Control and Prevention (CDC),
2,000,000 illnesses and 23,000 deaths in human cost each year are directly attributed to the
resistant pathogens. In addition to the human cost, these resistant pathogens are responsible for
$20 billion dollar in excess direct health care costs each year, and if we take into account the lost
in productivity regarding everyone involved, the cost can be as high as $35 billion dollar each
year. Pathogens of high priority includes Bacillus anthracis, Francissella tularensis and Yersinia
pestis, all classified as Category A Biothreat Agents by the CDC in part due to the fact, that they
can be easily disseminated, and their spread can result in a high mortality rate.
(https://emergency.cdc.gov/agent/agentlist-category.asp). Bacillus anthracis can be treated with
common antibiotics, however, resistance to ciprofloxacin (the first choice for anthrax treatment)
has been reported (Lance et al., 2003). Francissella tularensis and Yersinia pestis are often
treated with streptomycin, however resistant Yersinia pestis to multiple antibiotic have been
detected (Marc et al., 2006). Francissella tularensis show resistance to beta lactam and
azithromycin (Ikaheimo et al., 2000). The possibility of using B. anthracis, F. tularensis and Y.
pestis as a biological weapon raises the stakes for finding antibiotics for these pathogens. The
high priority in methicillin resistant Staphylococcus aureus (MRSA) come from the fact that

these pathogen is labeled as a “superbug” due to it resistance to many antibiotics.



1.4 Current Approaches to Antibiotic Discovery

Currently explored methods of antibiotic discovery to counter the rapid emergence of
resistant pathogens includes finding new classes of antibiotics and finding novel molecular drug
targets. In the process of antibiotic discovery, finding new chemicals is essential in developing
the next generation of antibiotics. Meanwhile, with the identification of new targets, we can
identify molecules with different mechanism of action than currently exist. For these new
compounds to become antibiotics, they need to be on target, in order to have minimal side
effects in human.

Multiple approaches have been used along with the information from the mechanism of
resistance to design new class of antibiotics as well as create analogs of the existing antibiotics to
combat the resistant bacterial strains. It is a combination of learning from the mechanism of
resistance, designing new or alternate scaffold in order to conquer the emerging resistant

pathogens (Chellat ef al., 2016; Figure 1.3).



Figure 1.3: The process of antibiotic discovery and re-development. A new bio-active molecule
is discovered, the bacteria develop resistance to that molecule, scientists learn about the
mechanism of resistance, develop an analogue that can overcome the resistance, apply the new
molecule to the sensitive and resistant bacteria, and if the bacteria develop resistance to the new
molecules, the cycle continues (Chellat ez al., 2016). (Reprinted with permission from Wiley and

Sons).



Since whole genome sequencing (WGS) became accessible (Quainoo ef al., 2017),
almost all the genes have been identified in different bacteria and in human which facilitate the
targets identification and target validation. Due to the advances and ease in gene manipulation
and recombinant protein production, many structures have been solved (Kroemer et al., 2007),
facilitating structure-based drug discovery. Structure-based drug discovery is becoming a method
of choice for high throughput screening of natural products and synthetic molecules. It is also
increasingly being used to uncover mechanism of action of antibiotic lead molecules. Whole
genome sequencing is also being used in the sequencing of the genome of clinical isolates or
laboratory evolved strains for resistant mutants identification.

1.5 Second Generation of Drug Development

A derivative or an analogue of existing antibiotics may become effective in fighting
resistant strains. Medicinal chemistry methods are used to improve an existing antibiotic
molecule to become useful in resistant strains.

1.5.1 Rational Identification of Target and Structure-Based Drug Discovery

Methods used to identify targets include understanding metabolic pathways of both
human and pathogens, particularly the enzymes involved in each step of metabolism. With a
target identified, structure-based drug discovery platform is often used to screen for inhibitors.
The method yields a molecular level information on target engagement as well as the mode of
action of a particular compound. A major difficulty encountered in this approach is that the

identified compounds may also interact with other targets. Coupling structure-based drug design
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approaches and other methods can lead to a unique target identification and therefore a positive
outcome in drug discovery.
1.5.2 Mutant Selection and Whole Genome Sequencing

Antibiotic resistant bacterial strains are selected and the genes in the entire genome are
sequenced to identify those genes that are mutated. Whole genome sequencing uses both the
process of sequencing to gather the sequence of the fragments and the bio-informatics to
assemble the genome as well as align it to a reference wild type genome. Crucial mutations are
identified in the sequencing, and the mutations can be confirmed to be responsible for the
resistance by measuring the concentrations of antibiotics required to kill the native bacterial cells
compared to a strains with plasmids consisting of the mutations introduced into these strains.
1.5.3 Gene Knockout by Transposon Insertion

Transposons are named since they are mobile and able to be dislocated around a given
genome. Transposable elements are DNA fragments often used to study the function of a given
gene. They can be inserted through integration during replication (Opijnen et al., 2013), or pasted
into the genome by an enzyme. A pathogen gene with a transposon inserted in its sequence will
lose its function leading to a distinct phenotype in the pathogen. Thus, transposon insertion can
be used in a high throughput fashion to randomly knockout different genes and screen for the
phenotypic effect, or the transposon can be used to knockout a specific gene, and study the
function(s) of that gene (Mesarich ef al., 2017). Transposable element can be genes that are
resistant to antibiotic (Craig et al., 1997) or it can code for a particular phenotype. Though
transposon insertion can be used to identify gene function, other gene characteristics are

necessary for viable drug target identification/verification.
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1.5.4 PurE as a Viable Target for Drug Discovery

N°-Carboxyaminoimidazole ribonucleotide mutase (PurE) is an essential enzyme in the
de novo purine biosynthesis pathway that catalysis the conversion of N>-CAIR to CAIR (Zhang et
al., 2008) and is an octameric enzyme (Mathews ef al., 1999). This N°-CAIR to CAIR
conversion step is important in drug discovery, since the substrate in bacteria differs significantly
from that in human (Figure 1.4). PurE knockout of Bacillus anthracis (B. anthracis) cells
exhibited reduce pathogenicity in blood (Samant et al., 2008), attesting to the essentiality of the
enzyme in the de novo purine biosynthesis pathway. Also, a transposon site hybridization in
Mycobacterium tuberculosis showed that PurE is essential for optimum growth (Sassetti et al.,

2003).
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Figure 1.4: Conversion of AIR to CAIR catalyzed by different enzymes. In higher eukaryote
including human the conversion is a one step process, catalyzed by Pur6 with CO, as a cofactor.
In prokaryote, AIR is irreversibly first converted to N°-CAIR followed by the interconversion
between N°-CAIR and CAIR catalyzed by PurE found in bacteria. Adapted from Zhang et al.,

2008.
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1.6. Summary

Using B. anthracis PurE as a target, high throughput screening has identified several 1, 3,
4 oxadiazole compounds to be inhibitors and some were shown to be potent against a wide range
of both gram positive and gram negative bacteria (Kim et al., 2015) (TABLE I). Though different
approaches have been proven successful for developing antibiotics in different settings, this study
focused on target identification, target mutation and characterization of targets. They are
discussed in the next three chapters. In the second chapter, I focused on the identification of the
molecular target of 1, 3, 4 oxadiazole compounds in Staphylococcus aureus (S. aureus). In the
third chapter, I identified the effect of mutations in target enoyl-acyl carrier protein reductase
(Fabl) in S. aureus cells. In the fourth chapter, I characterized the target (enzyme PurE) in
Bacillus anthracis, Francisella tularensis, and Yersinia pestis pathogens. Antimicrobial
resistance is one of our most serious health treats. New antibiotics need to be developed faster
than the rate bacteria develop mutations that render resistance. Multiple antibiotic development

platforms are available for us to obtain new antibiotics.



TABLE I: PERCENT INHIBITION OF 1, 3, 4 OXADIAZOLE COMPOUNDS ON BAPURE,
AND MIC OF OXADIAZOLE COMPOUNDS ON DIFFERENT BACTERIAL STRAINS.
ADAPTED FROM KIM ET AL., 2015.

Compound | % Inhibition® MIC (pg/mL)
BaPurE Ba® Ff° Yp° MSSA® | MRSA® EcTolC™

LC1 27 0.15 | 6.25 | >12.5 0.29 0.39 0.29
LC2 19 0.10 3.1 >12.5 | >12.5 6.25 0.39
LC3 13 0.10 | >12.5 | >12.5 | >125 >12.5 >12.5
LC4 19 0.10 6.3 >12.5 0.2 >12.5 0.02
LCS 20 0.05 1.6 3.1 0.78 1.95 0.07
LC6 15 0.78 1.2 3.1 1.56 3.13 0.39
Cipro ND¢ 0.11 0.03 0.04 0.35 0.34 0.01

Linezolid ND 2 32 ND 2 ND ND

“‘Inhibition: reported values were obtained from a range of 2 to 4 trials with an average of 7%

€rror.
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’Ba = B. anthracis (AANR strain) cells; Ft = F. tularensis cells; Yp = Y. pestis cells; MSSA = S.

aureus (methicillin susceptible strain 29213) cells; MRSA = S. aureus (methicillin-resistant

strain 43300) cells; EcTolC = E. coli (BW25113 TolC) cells.

‘ND = not determined
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Chapter Two
Target Identification of 1, 3, 4 Oxadiazole Compounds in Staphylococcus aureus
2.1. Introduction

Finding the target for a bioactive small molecule and unraveling it mechanism of action
inside a bacterial cell are still major road blocks in drug discovery (Neggers et al., 2018). Cell-
based antibiotic discovery is a method of choice as it ensures successfully jumping the major
hurdle of cell membrane permeability in the antibiotic discovery process (loerger et al., 2013).
Genetic and cell-based approaches are also shown to be powerful methods to find as well as to
characterize bioactive molecule targets (Zheng ef al., 2004). PurE is an essential enzyme in the
building block formation of the purine bases. It catalyzes the interconversion of N°-CAIR to
CAIR in prokaryote and is a domain of Pur6 in human. Pur6 catalyzes the conversion of AIR to
CAIR in the presence of CO, in human. This key difference in substrate intake made PurE an
essential target for antibiotic development. A high throughput screening of target PurE from
Bacillus anthracis (BaPurE) yielded potent compounds against Bacillus anthracis,
Staphylococcus aureus - both methicillin sensitive (MSSA) and methicillin resistant (MRSA),
Escherichia coli TolC, Francisella tularensis and Yersinia pestis (Kim et al., 2015). These
potent compounds are members of the azole family with (1, 3, 4 oxadiazole) as a common
component.

An observed discrepancy between minimum inhibitory concentration (MIC) and the
compound concentration required for BaPurE inhibition (ICy,) led to the suggestion that other
target(s) are also responsible for the high potency of the compounds (Kim et al., 2015). The goal

of my study was to identify the additional target(s) in S. aureus. Among the identified potent
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compounds, LC2 (2, 5-dichlrobenzene 2-carboxamido-1, 3, 4-oxadiazole 2-phenyllepidine) and
LC5 (2, 5-dimethylbenzene 2-carboxamido-1, 3, 4-oxadiazole 2, 5-chlorothiophene) were
selected at random for this study. There are 3065 genes in S. aureus (2.9 x 10° nucleotides). How
to find just one or two gene products that interact with LC2 and LC5 was the challenge.

Using drug resistant pathogenic strains to locate mutant proteins is a mean to identify
drug target(s) (Cloete ef al., 2016). We have used this method to identify the other target(s) of
LC2 and LCS5 in this class of potent compounds that retard the growth of several pathogens.

2.2. Materials and Methods

Materials were from Thermo Fisher (Waltham, Massachusetts) otherwise specified.

2.2.1. Bacterial Cell Growth

Cells of Staphylococcus aureus Newman strain (a laboratory strain; Nair et al., 2011) (S.
aureus cells) were obtained from Dr. M. Johnson lab of UIC. Cells of Bacillus anthracis Ames
strain (AANR, a non-pathogenic strain) (B. anthracis cells) were from Dr. J. Cook lab of Loyola
University of Chicago. Cells of Escherichia coli with the TolC efflux pump knocked out (E. coli
TolC cells) were obtained from Dr. A. Mankin lab of UIC. Cell growth was started with either a
single colony or a frozen stock (4 pL) in 4 mL medium solution. The medium for S. aureus cells
is brain heart infusion (BHI) medium, and B.anthracis and E. coli TolC cells is Luria broth (LB)
medium. The cell culture was incubated at 37 °C while shaking with 240 rotation per minute
(rpm) overnight (16 to 18 h). This overnight culture was diluted 100-fold and incubated at 37 °C
with 240 rpm shaking until a desire optical density at 600 nm (ODy,,) was reached. Since most of

the compounds used in this study were dissolved in DMSO, cells were grown in 0-2% DMSO to
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an ODg,, of 1. For cell growth on agar plates, agar (3 gm) in BHI or LB medium (200 mL) with

the appropriate concentration of the compound was used.

2.2.2. Miles and Misra Cell Count (Colonies Forming Unit)

The Miles and Misra cell counting method (Miles et al., 1938) was used to determine the
colony forming unit (cfu) in a given inoculum. A cfu is the number of viable bacterial cells in a
sample and was determined using serial volume dilutions, starting from cells at an OD, of 1,
with 100-fold dilution, followed by 100- or 10-fold dilution until a 10°-fold dilution was
achieved. With each dilution, the cell solution (100 uL) was plated and incubated at 37 °C for 18
h. The plates with 10 or fewer colonies were counted, and the dilution factors of the plates were
noted. For example, for 5 cells counted on the 10° dilution plate represented 5 x 10° cfu for the
original sample.

2.2.3. MIC of S. Aureus Cells in Liquid Medium

Cell culture of a single colony was used for overnight culture, and the overnight culture
(20 pL) was diluted 100-fold in fresh BHI and incubated at 37 °C with shaking at 240 rpm for 2.5
to 3 h to give an OD,,, of 0.2 to 0.6 (mid log phase).

During the cell incubation time, a 96-well flat bottom plate was prepared for MIC
determination using the micro-dilution method (Hevener et al., 2012), with slight modifications.
BHI medium (146 uL) was added to the 12™ well of a specific row, and BHI (75 pL) was added
to each of the remaining wells of the same row. 4 pL of a specific compound, LC2 or LC5 (Kim
et al., 2015; section 2.1) at a specific concentration was added to the 12" well to give a final

volume of 150 pL. 75 uL solution of this well was pipetted and introduced to the 11" well to
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give a total volume of 150 pL in this well and thus half of the concentration of the compound in
this well. This step was repeated for the 10™ to the 2™ wells. The 75 uL from the 2™ well was
discarded leaving the first well without compound as a negative control. Different rows were
used for different compounds and/or different cell types if needed.

At the end of the cell incubation, the cell culture was diluted to an ODy,, of 0.004. The
diluted cells (75 pL) were added to each of the 12 wells on the plate prepared above to give a
calculated final ODy,, of 0.002. The plate was sealed and incubated with no shaking at 37 °C for
overnight (18 to 20 h growth). The next morning, the wells were visually inspected for turbidity
as a sign for cell growth. The well with the lowest compound concentration to give no visible
turbidity (cell growth) was noted, and this compound concentration was reported as the MIC
value of the compound for the cells used.

Using the method above, we also tested the MIC of antibiotics with known mode of
action on S. aureus Newman and B. anthracis AANR cells, in order to narrow down the pathway
on which, our compound might be acting on. The idea was that if our compounds have a target
similar to the antibiotic, they will have similar MIC increase and/or decrease on wild type (WT)
strain, mutant strains and knockout strains. This antibiotic were ciprofloxacin (targeting DNA
gyrase), tetracycline (targeting the ribosome), chloramphenicol and erythromycin (targeting 50s
ribosome), triclosan (targeting fatty acid metabolism and specifically Fabl enzyme) and
ampicillin (targeting the cell wall synthesis). Also, the MIC values of several compounds sharing
the same core structure as LC2 and LC5 were determined on S. aureus Newman, B. anthracis
AANR and E. coli TolC cells in order more compounds that are potent against our bacterial

strains.
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2.2.4. Compound Resistant Cells (Mutants) Selection

Agar plates containing LC2 or LC5 at a concentration of 0.5x, 1x, 2x, 5x, 10x, 20x or
40x, with x as the MIC value of the WT cells, were prepared. S. aureus Newman or B. anthracis
AANR cell culture with 10° cfu was centrifuged, re-suspended in medium (100 uL or less) and
spread to each plate. Only colonies that appeared after 24 h incubation at 37°C were picked and
re-streaked on new agar plates with the same compound concentration. The colonies that grew on
the new plates were kept and processed for DNA sequencing. The plates with no growth were
discarded.

2.2.5. MIC on Resistant Mutants

The MIC values of compounds LC2 and LC5 on the selected resistant cells were tested
and compared to that of the wild-type strain to confirm their resistance by the increase of their
MIC compared to the MIC of the wild-type strain. To check whether efflux pumps on the
membrane was over expressed in the mutant colonies, the MIC of kanamycin, a known
antibiotic, was also used to compare its MIC on the wild-type and on the mutant colonies. If the
pump was over expressed in the resistant cells, kanamycin MIC value would be higher in the
resistant cells than in the wild-type cells. BHI medium was used for S. aureus Newman cells, and
LB was used for B. anthracis AANR and E. coli (TolC") cells.

2.2.6. Genomic DNA Extraction

Overnight culture (4 mL) was pelleted, re-suspended in water (600 pL), and pelleted
again. The genomic DNA (gDNA) from B. anthracis cells were obtained by lysing the cells at
90 °C for 10 m to release the cell content including the gDNA. The gDNA from S. aureus

Newman cells was extracted by adding 10 units/mL of lysostaphin to help break down the cell
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wall, and using MoBIO genomic DNA extraction kit (MoBio, Germantown, Maryland). Small
amounts of gDNA were extracted by this method suitable for PCR fragment amplification. When
a large amount of gDNA was needed for whole genome sequencing, GenElute bacterial genomic
DNA Kit (Sigma Aldrich, St. Louis, Missouri) was used to extract the gDNA from S. aureus
colonies with slight variation. Overnight culture (4 mL) was pelleted, washed with water and
pelleted once more. The cell suspension was supplemented with 10 unit/mL of lysostaphin and
10’ unit/mL lysozyme before eluting the DNA using water.

2.2.7. Genomic DNA Sequencing and Sequence Analysis

The extracted gDNA from S. aureus was sent to the UIC Research Resource Center
(RRC) for Illumina whole genome sequencing. Samples were prepared according to RRC
protocols. Briefly, DNA samples were extracted at a concentration of 100 ng/uL with an A, to
A, ratio of greater than 2. The bioinformatics analyses of the generated sequence were carried
out by the Center for Research Informatics (CRI) at UIC, including raw data quality control,
alignment of the sequence to the reference genome (wild type S. aureus, NC_009641.1) the
identification of mutants with SPANDx and annotation of the mutants. SPANDx relied on BWA
MEM to align the individual reads to the reference genome, then utilized GATK to identify the
mutants and finally employed SnpEff for mutant annotation. The CRI team then generated a
summary table of detailed mutants from VCEF files that identified and compared mutations
between colonies sequenced with special attention to the difference between wild type and
mutant sequence. The annotated mutants were used to identify the genes involved. Each of the
gene carrying the appropriate mutants was translated into amino-acid sequence and was aligned

to the wild type amino-acid sequence to identify mutated residues. With the mutated gene of two
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colonies identified, the other colonies were subjected to PCR amplification of the same gene. The
PCR products of these colonies were sequenced and analyzed for amino-acid residue mutation.
This was a cheaper and more efficient method than a gDNA sequencing of each resistant colony.

2.2.8. Mutated Gene Product Identification and Knockout

With the gene annotation, we searched the gene product (corresponding protein) in the
National Center for Biotechnology Information web site. The gene, here referred to as “Gene A”,
was subjected to knockout by transposon insertion. Gene A was searched and identified in the
Nebraska transposon library of S. aureus USA300. The transposon, a 3000 base pair DNA
fragment including an erythromycin resistant gene, was inserted within the first third portion of
Gene A. This S. aureus USA300 “Gene A knockout” strain (from Dr. T. Bae at the Indiana
University School of Medicine- Northwest) was used to prepare the S. aureus Newman Gene A

knockout strain (Figure 2.1), following published method (McNamara et al., 2008).
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Figure 2.1: USA300 (Transposon donor) DNA gel screening for contaminants screening.
Genomic DNA was extracted from the S. aureus USA300 strain, and the primers for Gene A
amplification was used to amplify the transposon inserted gene. The size of the amplified
fragment was used to identify the clones containing the transposon in Gene A. A size of 800 base
pairs was expected for Gene A and that of 4,000 base pairs was expected for transposon inserted
Gene A. C1, C2 and C3 are the single colonies, - Ctl is the negative control, and it represents the
size of Gene A in S. aureus Newman before the transposon insertion. The Ladder is a 1 Kb

ladder and has DNA fragment sizes going from the molecular size of 250 to 10,000 base pairs.
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2.2.8.1. Phage 85 Stock Preparation
Phage 85 (®85, from Dr. Hyunwoo Lee lab, UIC) was used to transfer the Gene A
knockout from S. aureus USA300 to S. aureus Newman. Since the sample of @85 was frozen for
more than one year, it was revived by preparing an overnight culture (2 mL) of S. aureus
Newman in BHI. This overnight culture (50 pL) was diluted 100-fold with fresh BHI containing
5 mM CacCl, and incubated with shaking at 37 °C for 2.5 h. The culture was then split in two. To
one, the phage stock solution (1 volume) was added to 1,000 cell culture volume. Both tubes
were incubated overnight. The phage in the medium was extracted by centrifugation and filtering
the supernatant through a 0.45 um filter.
2.2.8.2. Transducing Phage Preparation
A transducing phage preparation was started by making an overnight culture of S. aureus
USA300 cells with 10 pg/mL erythromycin. The S. aureus USA300 overnight culture was
diluted 1:100 with fresh BHI (5 mL) containing 10 pg/mL erythromycin and 5 mM CacCl, to
activate the phage and incubated at 37 °C with shaking for 2.5 h to an ODy, of 0.6. Freshly
prepared phage solution at various volumes (0, 5, 10, 25, 50 and 100 uL) were added into S.
aureus USA300 culture aliquots (1 mL) and incubated overnight at 37 °C. The sample(s) with
sufficient @85 to give ~ 30 colonies was/were used to extract the transducing phage.
2.2.8.3 Phage Transduction
Overnight culture of S. aureus Newman (1 mL) in BHI containing 5 mM CaCl,, and
5 pg/mL nalidixic acid (a quinolone antibiotic for Newman selection) was prepared. Agar plates
were made with sodium citrate (to de-activate the phage) to select colonies. The colonies selected

were then plated on a plate without both CaCl, and sodium citrate to obtain clean colonies.
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Following this step, fresh BHI (20 mL) was used to dilute the overnight culture of S. aureus
Newman (1 mL) and incubated for 1 h at 37 °C with shaking. An aliquot (1 mL) of S. aureus
Newman cells were pipetted into a fresh sterile Eppendorf micro-centrifuge tube and 0, 10, 50
and 100 pL of transducing phage solution was added. The diluted culture was incubated for 30 m
at 37 °C with shaking, and the cells were spun down with a table top centrifuge at room
temperature for 30 s at the top speed. The supernatant was decanted, and the cell pellets were
washed with 1 mL of ice-cold 40 mM sodium citrate solution, and spun down for 30 s. The
washed cells were suspended in 100 pL of 40 mM sodium citrate solution and plated on tryptic-
soy-agar plates with sodium citrate (40 mM) and erythromycin (10 mM). These plates were
incubated at 37 °C for 2 days, and 2-4 colonies were streaked on plates with erythromycin (10
mM) but without sodium citrate.
2.2.8.4. Verification of S. aureus Newman Gene A Knockout

The gDNA of Gene A knockout S. aureus Newman cells was extracted as previously
described in “Genomic DNA Extraction”. Primers specific to the inserted transposon and a pair
of primers specific to Gene A were used to amplify the DNA fragment of Gene A containing the
transposon by PCR. The amount of PCR product generated and the size of the amplified

fragment were used to identify colonies with and without the transposon in Gene A (Figure 2.2).
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Figure 2.2: Colonies screening for S. aureus Newman positive clones. S. aureus Newman WT is
erythromycin sensitive and the transposon carries an erythromycin resistant gene. Erythromycin
was used to select for clones containing the transposon and PCR was used to ensure that the
selected clones had the transposon in Gene A. C1 to C10 denote the colony number that the
fragment was amplified from. The expected band size for the wild type Gene A is 800 bps and
that of the transposon (Gene A knockout) inserted is 4,000 bps. Colonies without fragment

around 4,000 bps were considered to be contaminants.
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2.2.9. Protein Structural Speculation

The amino-acid sequence of unknown gene was submitted to the -TASSER program
(https://zhanglab.ccmb.med.umich.edu/I-TASSER), which identifies the top 10 templates in the
Protein Data Bank (PDB), and predicts the most likely structure, possible location for ligand
binding, enzyme commission number and the molecular function.
2.3. Results

2.3.1. Cell Growth

The cell growth was found to be not affected by DMSO, up to 2%, in the growth medium.
About 3 h were needed for S. aureus Newman cells and 3.5 h for B. anthracis AANR cells to
reach an ODy, of 1. For 1 mL of S. aureus Newman cells with OD600 of 1 correspond to 1.5 x
10° cfu and for B. anthracis AANR cell culture, 3.6 x 107 cells.

2.3.2. MIC of LC2 and LCS5 on Wild Type S. aureus Strains

For the wild types of S. aureus Newman cells, the MIC of LC2 ranged from 0.0.20-0.80
pg/mL (n =5), and that of LC5 was 0.31 (n = 6) pg/mL.

The MIC values was 0.25 pg/mL for ciprofloxacin, 0.03 pg/mL for tetracycline, 4.00
pg/mL for chloramphenicol, 0.25 pg/mL for erythromycin, 0.03 pg/mL for triclosan, and 0.13
pg/mL for ampicillin on S. aureus Newman wild type strain.
2.3.3 MIC of Other Compounds on Wild Type B. anthracis, E. coli TolC™ and S. aureus

Other 1, 3, 4 oxadiazole compounds with substituents different than that found in LC2
and LC5, and were not tested for PurE inhibition were found to have MIC values ranging from

0.07 pg/mL to 1.1 ug/mL against the 3 bacterial strains tested (TABLE II). Under the same



conditions tested, some of these MIC values were comparable or lower than the MIC of

ciprofloxacin and linezolid.
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TABLE II: MIC OF 1, 3, 4 OXADIAZOLE BIO-ACTIVE SMALL MOLECULES ON S§.
AUREUS NEWMAN, B. ANTHRACIS (AANR) AND E. COLI (TOLC’). THIS COMPOUNDS
WERE OBTAINED FROM THE LIFE CHEMICAL LIBRARY AND ARE ANALOGOUS TO
LC2 AND LCS5, HAVE SIMILAR CORE, BUT DIFFERENT SUBSTITUENTS. THE MIC
ARE DETERMINED AS DESCRIBED IN METHOD AND WAS RECORDED IN MM, THEN
CONVERTED TO MG/ML.

Compound ID MIC on MIC on MIC on
S. aureus B. anthracis E. coli
Newman AANR TolC
(ng/mL) (ng/mL) (ng/mL)
F2518-0474 0.07 0.07 0.26
F2518-0504 0.14 1.10 2.30
F2518-0085 0.26 1.10 1.10
F2518-0481 0.28 0.28 0.28
F2518-0445 0.49 0.25 0.49
F2518-0447 0.29 1.10 1.10
F2518-0477 0.07 0.07 0.14
F2518-0039 0.14 0.07 0.28
F2518-0183 0.12 0.12 0.12
Ciprofloxacin 0.25 0.3 0.3
Linezolid 1.00 0.8 4.0




29

2.3.4. Resistant Mutant Colonies Selection

Application of 10° cfu of B. anthracis AANR to plates containing LC2 or LC5 compound
with concentrations at 0.5 MIC-WT and 2 MIC-WT yielded a lawn of colonies, and with
concentration at 3 MIC-WT yield no colony after 18 h incubation. Repeated attempt to select
resistant colonies from AANR was unsuccessful.

For wild type S. aureus Newman cells, 1 colony was found on the plate with 40 MIC-WT
(20 pg/mL) LC2 (Colony-LC2-1), 1 colony with 25 MIC-WT (12.5 pg/mL) LC2 (Colony-LC2-
2), and 13 colonies with 20 MIC-WT (10 pg/mL) (Colony-LC2-3 to Colony-LC2-15).

For LC5 compound, 2 colonies (Colony-LC5-1) and (Colony-LC5-2) were obtained on
plate with 10 MIC-WT (3 pg/mL) and 1 colony (Colony-LC5-3) with 5 MIC-WT (1.5 png/mL)

(TABLE 1II).
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TABLE III: NUMBER OF RESISTANT COLONIES SELECTED AS A FUNCTION OF
COMPOUNDS CONCENTRATION. 40 MIC-WT MEANS 40 TIME THE MIC OF THE
WILD TYPE S. AUREUS NEWMAN. THE MIC OF LC2 ON S. AUREUS NEWMAN WT
RANGED FROM 0.20-0.80 (N =5) MG/ML FOR LC2 AND 0.31 (N =6) FOR LC5. ALL
RESISTANT COLONIES WERE SELECTED ON AGAR PLATE.

Compound Concentration Colonies
LC2 | 40 MIC-WT (20 pg/mL) 1
S aureus 25 MIC-WT (12.5 pg/mL) 1
20 MIC-WT (10 pg/mL 13
Newman WT
LC5 | 10 MIC-WT (3 pg/mL 2
5 MIC-WT (1.5 pg/mL 1
LC2 | 10 MIC-WT (5 pg/mL) 2
TetR-PK 5 MIC-WT (2.5 pg/mL) 1
LC5 | 2 MIC-WT (1 pg/mL) 1
knockout
1 MIC-WT (0.5 pg/mL) 3
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2.3.5. Whole Genome Sequencing of Resistant Cells

Whole genome sequencing result of the resistant Colony-LC2-1 showed a DNA mutation
of a to g at position 2,501,537 of the S. aureus Newman (NC_009641.1) genome. This
nucleotide belong to a protein-coding gene (position 2,501,066 to 2,501,689), which translates to
a 207- residue hypothetical protein in the tetracycline transcription repressor (TetR) protein
family, with a locus tag NWMN 2277 or a protein ID: WP_000656771.1 (GenBank accession
number BAB43467). The nucleotide mutation a472g was translated to a 71584 mutation in the
protein (we will refer to this protein as TetR-PK). The PCR amplification in the TetR-PK region
for Colony-LC2-2 and for Colony-L.C2-3 of the TetR-PK gene yielded a g347¢ nucleotide
mutation (R116L mutation in the protein) (Figure 2.3).

Interestingly, the whole genome sequencing result of the resistant Colony-LC5-1 showed
a single nucleotide substitution (a to 7) at position 2,501,247, of the same gene (TetR-PK). The
al82¢ mutation in that gene translated to £61} mutation in the protein. The PCR amplification

for TetR-PK in colony-LC5-2 yielded a g361a nucleotide mutation (E121K) (TABLE IV).
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Figure 2.3: Multiple sequence alignment of wild type TetR-PK using CLUSTAL Omega. The
TetR-PK of each resistant strain was amplified by PCR, Sanger sequenced, and each revealed a
point mutation in the same gene. Highlighted area denote a position where a residue substitution
was observed. TetR-PK-WT is describing the S. aureus Newman containing the wild type gene
of TetR-WT. E61V, R116L, E121K and T158A are in reference to TetR-PK with the respective

mutations in the gene.



34

TABLE IV: MIC OF COMPOUNDS AND ANTIBIOTICS ON VARIOUS S. AUREUS
NEWMAN STRAINS. LC2 AND LC5 ARE THE COMPOUNDS TESTED IN THIS STUDY.
WILD TYPE IS REFERRING TO THE S§. AUREUS NEWMAN STRAIN. ATETR-PK
DESCRIBES THE S. AUREUS NEWMAN WITH RESISTANT MUTATIONS IN THE TETR-
PK GENE. TETR-PK KNOCKOUT IS THE S. AUREUS NEWMAN WITH A TRANSPOSON
INSERTED IN THE TETR-PK GENE AND “A INTERGENIC REGION” IS THE S. AUREUS
NEWMAN STRAIN WITH THE TRANSPOSON IN THE TETR-PK GENE AND A
NUCLEOTIDE INSERTION IN THE DNA FRAGMENT BETWEEN THE TWO GENES
TETR-PK AND YHGE.

MIC (pg/mL)
Compounds
LC2 LC5 Amp® Chlo® Cipro® Erm® Tcl® Tetra®
Strains
Wild Type - Literature 0.78" 0.29° ]05-2.0 0.12-0.5°
Wild Type - This Work 0.2-0.8 0.31 0.13 4.00 0.25 0.25 0.03 0.03 (n=6)
(n=5) (n=6) (n=2) (n=3) (n=2) (n=2) (n=2)
ATetR-PK E61V*® 25 (n=6) 1.25° 0.50" 8.00° 0.50" 0.25" 0.03" 0.03-0.13
RIIGLY | 37.5(m=4) | (n=4) (n=2) (n=3) (n=2) (n=2) (n=2) (n=6)
E121K® 25 (n=4)
T158A¢ 100 (n=2)
TetR-PK knockout 0.31 8.00 8.00 64.00 64.00 0.03 0.03-0.13
0.20 (n=3)
(n=2) (n=2) (n=3) (n=2) (n=2) (n=2) (n=6)
A Intergenic Region 50.00 1.25 8.00 8.00 64.00 64.00 0.03 0.03-0.13
(n=3) (n=2) (n=2) (n=3) (n=2) (n=2) (n=2) (n=6)

*Kim, A., Wolf, N.M., Zhu, T., Johnson, E.M., Deng, J., Cook, L.J., Fung, W.-M. L. (2015)
Bioorganic and Medicinal Chemistry 23, 1492.

*The range was due to values obtained from different strains of S. aureus

‘Mutation generated with LC5 compound

‘Mutation generated with LC2



“The n values for the average and standard deviation values presented were 2 - 6.
"The MIC for all four ATetR-PK mutants were the same.
¢Antibiotic abbreviations used are Amp = Ampicillin, Chlo = Chloramphenicol, Cipro =

Ciprofloxation, Erm = Erythromycin, Tcl = Triclosan and Tetra = Tetracycline see text for the
different S. aureus Newman strains.
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2.3.6. MIC Determination on Knockout and Knockout Resistant Strains

The knockout cell growth on agar plates yielded yellow and white colonies. The white
colonies were contaminants and the yellow colonies had the transposon insertion (Figure 2.4). The
MIC of the LC2 on the knockout colonies was 0.20 pg/mL and that for LC5 was 0.31 ug/mL.
These values were similar to those obtained for wild-type (Figure 2.5; TABLE IV) suggesting that
the knockout of TetR family protein had no effect on the MIC values, or there was little effect of
LC2 and LCS5 on S. aureus knockout cells. The MIC of ciprofloxacin on the knock out colonies
was increased to 64 pg/mL, and ampicillin rose to 8 pg/mL. Since the knockout colonies
contained erythromycin resistant gene in the transposon region, the MIC for erythromycin was
increased to 64 pg/mL.

The whole genome sequence of the knockout resistant colony showed a single adenine
“a” insertion at position 2,500,968, or 98 nucleotides upstream of the TetR-PK gene. The
intergenic region is located at positions 2,500,806-2,500,967 (162 base pairs) between
NWMN 2276 a hypothetical protein (YhgE) and NWMN 2277 (TetR-PK) genes. The gene
product of YhgE, a counterclockwise gene, is an unknown protein (Figure 2.6). A mutation in the
intergenic region between TetR-PK and YhgE may impact both genes. However, at this time, the

function of this region is not clear.



A B
Figure 2.4: Visual image of white and yellow colonies derived from TetR-PK knockout. A):

White colonies were separated from the yellow colonies by both re-streaking and confirming by
PCR amplification of the transposon-inserted fragment by using transposon specific primer along

with TetR-PK primer. B): Some colonies were only made of contaminants.
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Figure 2.5: MIC display of LC2 and LCS5 on the different strains of S. aureus Newman generated.
The values shown in the table are that of the compounds concentration in pg/mL dispensed in the
96 well plate. T158A, E61V, E121K and R116L are mutations generated in the TetR-PK gene.
“TetR-PK knockout” denote a S. aureus Newman with 3 kilo bases inserted in the wild type TetR-
PK gene. “A Intergenic Region” describes a new resistant strain with a base pair inserted in the
intergenic region between the divergent adjacent (YhgE) gene and TetR-PK which is the

precedent strain described.
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i TetR family
Divergent
Interg%nic transcriptional MIC (pg/mL)
YhgE Sequence regulator

> Sensitive to LC2/LC5 0.51/0.31

S. aureus WT

Position in the genome 2499628-500905 2500906-1065

TetR-PK Mutants —ﬁ Y% > Resistant to LC2/LCS 25-100/1.25
Knockout strain —ﬁli Tn :‘|> Sensitive to LC2/LC5  0.20/0.31

A
Knockout mutants (s @) [ Tn [ ) Resistant to LCYLCS 50125

BN Counterclockwise YheE [l Divergent Sequence [ ] Clockwise TetR-PK

Figure 2.6: Display of gene orientation in the altered region following exposure of sensitive stains
to higher than MIC concentration of compounds. The TetR family transcriptional regulator gene
displayed a single point mutation in all the strains that was resistant to the compounds. The TetR-
PK knockout strains were sensitive to the compounds while the resistant knockout strains have
and adenine nucleotide insertion in the intergenic region of the adjacent and divergent genes

(YhgE/TetR-PK).
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The MIC for resistant mutant colonies of the knockout S. aureus cells was found to be 50 pg/mL
for LC2 and 1.25 pg/mL for LCS (Figure 2.5; TABLE IV). The MIC for ciprofloxacin was
increased to 64 ug/mL (256-fold over the wild-type), for ampicillin was 8 pg/mL (60-fold
increase), for tetracycline was 0.25 pg/mL (8-fold increase), for chloramphenicol was 8.0 pg/mL
(2-fold increase) and for triclosan was 0.03 pg/mL (no change) (TABLE IV).

2.3.7. Summary of Results

In summary, the native S. aureus Newman was found to be sensitive to LC2 and LC5 with
a MIC of 0.20-0.80 pg/mL (n=5) for LC2 and that of 0.31 pg/mL for LC5 (n=6). The knockout
strains became slightly more sensitive to LC2 and the MIC did not change for LC5. Resistant
colonies generated from the knockout strains had a MIC increase to 50 pg/mL for LC2 and 1.25
pug/mL for LC5 (TABLE V).

2.3.8. Structural Prediction of TetR-PK and YhgE

The knockout resistant colonies showed a single nucleotide insertion in the divergent
intergenic region between TetR-PK and YhgE. Since neither of their function is clear, we used
structural prediction to get some insights into the structural and functional insight. The unknown
protein (YhgE) was predicted to be an all helical bundle possibly spanning the cellular membrane.
The probability of prediction that are almost certain have a value of one. The probability of the
location of the different residues as all close to one in this case. Roughly one half of the residues
in the protein reside outside of the membrane while the other half is in between the two layers of
the membrane with only a few residues in the inner membrane (Figure 2.7 A, B, C). The single

chain representation of TetR-PK is also shown to be an all helical protein (Figure 2.7 D). YhgE



was labeled as a membrane phage infusion protein (PIP) of unknown function which is in line

with the prediction.

41



42

TABLE V: SUMMARY OF RESULTS. A): MIC OF LC2, LC5, AMP, CIPRO AND ERM ON
WILD TYPE AND TETR-PK KNOCKOUT §. AUREUS. THE MIC DID NOT INCREASE IN
THE TETR-PK KNOCKOUT WHICH WAS NOT EXPECTED. WORKING HYPOTHESIS:
WHEN THE TETR-PK GENE IS KNOCKOUT, ANOTHER REGULATOR BECOMES
ACTIVE. B): SECOND ROUND OF SELECTING RESISTANT COLONIES IN THE
KNOCKOUT CELLS. C): WHOLE GENOME SEQUENCING FOR MUTATION(S).
GENOMIC ANALYSIS: “A” INSERTION AT GENOMIC LOCATION 2,500,968.

A
MIC (pg/mL)
Strains /Compounds LC2 LC5 Amp Cipro Erm
S. aureus wild type | 0.20-0.80 (n=5) [ 0.31(n=6) [0.13(n=2) | 0.25(m=2) |0.25 (n=2)
TetR-PK knockout | 0.20 (n=3) 1.25 (n=2) 8.00 (n=2) | 64.00 (n=2) | 64.00 (n=2)
B
Strains Compounds Compounds concentration Colonies
Resistant LC2 10 MIC-WT (5 pg/mL) 2
S. aureus with 5 MIC-WT (2.5 pg/mL) 1
TetR-PK LC5 2 MIC-WT (1 pg/mL) 1
Knocked out 1 MIC-WT (0.5 pg/mL) 3
C
MIC (pg/mL)
Strains /Compounds LC2 LC5 Amp® Cipro® Erm*
Resistant Knockout | 50.00 (n=3) | 1.25 (n=2) 8.00 (n=20 64.00 (n=2) | 64.00 (n=2)

‘Amp: Ampicillin

°Cipro: Ciprofloxacin

‘Erm: Erythromycin
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Figure 2.7: Predicted membrane topology of YhgE and structural prediction of unknown
proteins. A): Trans-membrane prediction of the probability of YhgE being a membrane protein.
B): Step by step display of extracellular residues, residues between the membranes and residues
inside the membrane. C): Structural prediction using I-TASSER from
https://zhanglab.ccmb.med.umich.edu/I-TASSER. YhgE shows an all alpha helical bundle with
high similarity to membrane protein. D): The structural prediction of TetR-PK using QUARK

and I-TASSER.
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2.4. Discussion

As shown in the previous publication by members of the Fung group (Kim et al., 2015),
the MIC values of LC2 and LC5 and known antibiotics (ciprofloxacin and linezolid) on S.
aureus Newman, B. anthracis AANR and E. coli TolC" show that these compounds (LC2 and
LC5) exhibit comparable or even better MIC than the known antibiotics. The MIC for LC2 was
as low as 0.51 pg/mL and for LCS5, 0.31 pug/mL on the same strains. In this study, with the
generation of S. aureus cells resistant to LC2 and LC5, we found four mutations rendering S.
aureus resistant to both LC2 and LC5 compounds. All mutations were shown to be on the same
gene, expressed as a hypothetical protein, TetR-PK. Some of the mutations in the resistant
colonies were identified by PCR method. These colonies might have other mutations in their
genome, however, the results show that all the resistant colonies have a mutation in the TetR-
PK gene. The MIC values for LC2 were much higher in cells with mutations generated from
both LC2 and LC5 (25 -100 pg/mL). A four-fold increase in MIC values was seen for LC5 in
cells with mutations in the TetR-PK gene (all 1.25 pg/mL). It was interesting to find lower MIC
values for the TetR-PK knockout for LC2. The cells became sensitive again to LC2 (MIC of
0.20 pg/mL) and to LC5 (MIC of 0.31 pg/mL), values very similar to those in the wild-type. The
MIC values were increased to 50 pg/mL when the intergenic region was mutated. We propose
the following working hypothesis. The LC2 and LC5 do not inhibit TetR-PK directly, but
inhibited a gene (Gene X) product (Protein X) regulated by TetR-PK. When either TetR-PK or
the intergenic region are mutated, Protein X concentration is increased and requires more LC2

or LC5 to inhibit Protein X. However, when TetR-PK was knockout, another regulation system
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kicks in to regulate Protein X and thus returning the MIC values to those of the wild-type. This
working hypothesis needs to be proven in the future.

It is also interesting to find that the MIC values for ciprofloxacin for colonies with
TetR-PK knockout and with intergenic region mutant increased to 64 ug/mL. Ciprofloxacin is a
DNA gyrase inhibitor. The increase in MIC values for erythromycin in TetR-PK knockout and
intergenic region mutant were expected since we introduced erythromycin resistant gene in the
transposon used to knockout TetR-PK.

The TetR-PK protein was identical to a 207-residues protein reported earlier as TetR21,
and it binds to the promoter of Tet38 to repress its expression (Truong-Bolduc et al., 2015).
Since the open reading frame of the gene is ORF SA2165, it is named TetR21. It is obvious that
we will also pursue Tet38 in the future.

2.5. Conclusion

At this stage of the project, we found that the gene region shown in Figure 2.6 (YhgE,

intergenic region and TetR-PK) was important for the action of compounds LC2 and LCS5.

Further work is needed to identify the mode of action for this two compounds.
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Chapter Three
A Library of Fabl Mutants from Triclosan-Resistant Staphylococcus aureus Strain
3.1. Introduction

Infections related to antibiotic resistant pathogens are increasingly becoming a public
health matter (Priyadarshi et al., 2009; Freire-Moran et al., 2011). Triclosan is a common and
effective antimicrobial agent used to eradicate pathogens such as Staphylococcus aureus (S.
aureus) in general and particularly methicillin-resistant Staphylococcus aureus (MRSA). Since
triclosan is shown to target the enzyme enoyl acyl carrier protein reductase (Fabl), some
mutations in the Fabl gene, identified through clinical isolates or through laboratory directed
evolution, render the pathogens resistant to triclosan. About ten resistant mutants have been
observed in clinical isolates or evolved in the laboratory. They are (R40Q, K41N, A95V, 1193S
and F204S (Xu et al., 2008), D101T, A198G and F204C (Ciusa et al., 2012) and Y147H, L208F
(Brenwald et al., 2003). All mutations but two (D101T and L208F) are found in the active site
and/or at the dimer interface of Fabl, as defined in a publication (Schiebel et al., 2012). Fabl is
homodimer. The impact of mutations outside of these regions is largely unexplored.
Identification of the resistant mutations in SaFabl is imperative in the effort to better understand
resistant strains. We used an error prone polymerase chain reaction (epPCR) method to
randomly generate numerous Fabl mutants to establish a mutant library. The cellular thermal
shift assay and the minimum inhibitory concentration (MIC) screening were used to identify the
mutations in the Fabl protein that rendered triclosan resistance. We found that mutations
included single/multiple insertion, deletion, and substitutions. A total of 134 colonies was

generated consisting of Fabl mutants and 42 of these colonies consisted of single amino-acid
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mutation in Fabl. Of these single substitution Fabl mutants, 19 did not bind Triclosan/NADP".
One of the colony consisting of Fabl mutation of A33V exhibited an MIC value against
Triclosan/NADP" 30-fold higher than that of the wild type FablL.

In addition to understanding the mechanism(s) leading to Triclosan resistance, this
triclosan-resistant library generated in this project will serve as a checklist for clinicians to
identify resistant strains in deciding a course of action. My work in this project focuses on using
error prone PCR to generate mutants, and on determining the MIC of a resistant-mutant which
will be described in detail below. The assays for triclosan binding to these mutants were done by
a collaborating group member (Robel Demissie). The discovery of these mutations highlights
the value of obtaining insights into the types of mutation that render S. aureus resistant to
triclosan and other inhibitors binding to the Fabl active site region.

3.2. Materials and Methods

3.2.1. Error Prone PCR

3.2.1.1. Primer Design

Two pairs of primers were designed with comparable length and melting temperature
(Tm). One pair was used for obtaining mutated SaFabl gene in the epPCR reaction, and the
other pair was used for the vector linearization. Primers were designed for In-Fusion ligation
(Clontech; Mountain View, California). In order to randomly introduce mutation in the SaFabl
gene but keep the integrity of the remaining DNA sequence in the vector, epPCR was used on
the gene, and high-fidelity PCR on the vector pET-15b. The two pairs of primers were designed

to have overlapping 5' ends for the subsequent ligation of the insert (SaFabl gene) into the
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expression vector (pET-15b; Novagen; Madison, Wisconsin). Primers were ordered from
Integrated DNA Technologies (IDT; Coralville, lowa).
3.2.1.2. Mutated SaFabl Genes by Error Prone PCR

For the error prone PCR to mutate the SaFabl gene, the PCR reaction was carried out
using a commercially available kit (GeneMorph II, Agilent Technology, Santa Clara,
California), with a few modification. The forward primer was 5'- CGG CAG CCA TAT GCT
CGA GAT GTT AAA TCT TGA -3' and the reverse primer 5'- GTT AGC AGC CGG ATC
CTT ATT TAA TTG CGT GG -3'". The template (SaFabl gene; 100 ng or 1 uL), the forward
primer and the reverse primer (125 ng or 0.5 pL each), dNTP (1 pL of 40 pM) and Mut I
Polymerase (1uL; Agilent Technology) in Mut II reaction buffer were mixed with H,O (46 pL)
to give a reaction volume of 50 pL. With this mixture, error prone PCR was carried out with a
thermal cycler (Eppendorf AG 22331, Hamburg, Germany) with an initial denaturation at 95 °C
for 2 m, then x cycles (x to be determined below) of 95 °C for 30 s, 50 °C for 30 s, and 72 °C
for 1 m followed by a final extension at 72 °C for 10 m.

To estimate the amount of error prone PCR product generated, gel electrophoresis was
performed with 0.6 pL of the PCR product and increasing amounts of known concentration of
SaFabl-WT DNA. The PCR amount (yield) was used to determine the number of doubling and
the expected mutation rate. It was found that 25 cycles were sufficient to provide the mutants
needed. This PCR product is called “mega-primer” per company specification. Thus our mega-
primer was the mutated SaFabl gene, to be used as a primer for insertion into the vector (pET-

15b).
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3.2.1.3. Vector Linearization

High-fidelity amplification of the expression vector pET-15b was carried out using a
forward primer 5'-CCA CGC AAT TAA ATA AGG ATC CGG CTG CTA AC -3"and a reverse
primer 5'- TCA AGA TTT AAC ATC TCG AGC ATA TGG CTG CCG -3". pET-15b (50 ng)
was combined with 26 pL of pfuUltra hot start PCR master mix (Agilent Technologies), the
forward primer (0.5 pL at 100 mM to give a final concentration of 1 mM); the reverse primer
(0.5 pL at 100 mM), and H,O to make a 50 pL reaction volume. pET-15b containing SaFabl-
WT gene was used as the starting template for the vector amplification. The primers were
designed to NOT include the WT gene in the amplification and thus resulting a linear vector.
The mixture was subjected to an initial denaturation at 95 °C for 5 m, followed by 40 cycles of
95 °C for 30 s, 59 °C for 30 s, and 72 °C for 6.5 m, ending with a final elongation at 72 °C for
15 m.

3.2.2. Mutated Expression Vector

The PCR product of the mutated SaFabl gene generated with the epPCR method was
used as the mega primer to amplify the linearized empty vector. Briefly, 3 pL of mega primer,
30 ng of linearized pET-15b along with 25 pL 2x ez-clone enzyme mix and 3 pL of ez-clone
solution were assembled into a 50 pL reaction mixture. The mixture was subjected to 95°C for 2
m followed by 40 cycles of 95 °C for 50 s, 70 °C for 50 s and 68 °C for 15 m, ending with a
final extension at 72 °C for 15 m. Product yield was minimal (~1 pg). Optimization might
improve the yield. At the end of the reaction, 1 pnL. DPNI was added to the entire sample and
incubated at 37 °C for 2 h to digest the methylated parent template plasmid. The expression

vector consisted of ampicillin resistant gene, a lac repressor for isopropyl p-D-1-
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thiogalatopyranoside (IPTG) binding and a hexa-histidine on the N-terminal end for affinity
purification.

3.2.3. Expression Vector Transformation and E. coli Colonies Generation

DH5a Z-Competent E. coli cells (Zymo; Irvine, California) was used for transformation.
Briefly, DPNI treated expression vector of mutated SaFabl (5 pL) was added to DH5a Z-
competent cells (50 uL) (Zymo) and the mixture was incubated on ice for 5 m before being
plated on agar plates containing ampicillin (100 pg/mL).

3.2.4. DNA Extraction, Sequencing and Analysis

DNA was extracted using PureYield plasmid miniprep kit (Promega; Madison,
Wisconsin) with a slight modification. Overnight cell culture (4 mL) was pelleted by
centrifugation. The pellet was washed with H,O to remove residual culture medium and
re-suspended in H,O for DNA extraction, according to company protocol. The DNA was then
eluted with H,O rather than the buffer provided by the company. With this modification, the
DNA sample was more suitable for DNA sequencing. The DNA sample with a concentration
100 ng/uL was sent to the Research Resources Center (RRC) at the University of Illinois at
Chicago (UIC) for Sanger sequencing. Sequencing results were obtained as a zip file containing
the sequencing chromatogram and the nucleotide bases associated with the chromatogram.
Finch TV (a free software program) was used to open, extract and align the sequenced raw data
to the expected sequence and identify similarities and differences in the sequences. The
sequence of a mutant Fabl was aligned with that of the wild type. The sequences that displayed
single nucleotide polymorphism was checked against the sequencing chromatogram to confirm

the validity of the mutations.
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3.2.5. Mutated Residue Characterization

Using the hydrophobicity scale developed by Zhu and coworkers (Zhu ef al., 2016), the
polarity of each of the mutated residues was examined and compared to the hydrophobicity of
the original residues.

3.2.6. Construction of a Shuttle Vector pHT370 Containing SaFabl-A33V

To introduce a SaFabl mutant gene into S. aureus cells rather than E. coli cells, a
plasmid different from that used in E. coli cells was prepared. E. coli-Bacillus thuringiensis
shuttle vector pHT370 containing SaFabl WT gene and it promoter in E. coli (a kind gift from
Dr. M. Johnson lab, UIC) was used to insert the A33V mutation into the SaFabl gene to be
introduced into S. aureus RN4220 cells. The vector contained erythromycin and ampicillin
resistant genes as well as SaFabl-WT gene and its promoter. This vector was used as a template
to generate SaFabl-A33V gene. Primers containing the A33V mutation were used. Template (50
ng) was mixed with forward primer (100 ng), reverse primer (100 ng), pfuUltra hotstart PCR
master mix (26 puL) (Agilent Technology) and H,O to prepare a 50 uL reaction mixture. The
mixture was incubated at 95 °C for 3 m, followed by 30 cycles of 95 °C for 30 s, 50 °C for 30 s,
and 72 °C for 15 m concluding with a final elongation at 72 °C for 15 m and a cool down to 4

°C.
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The schematic diagram of the procedures is shown below.

1. Primer design incorporating the C98=2 T

mutation resulting into 433V substitution 2. Isolation of the pHT 370 plasmid

l containing SaFabl-A33Y mutation
5. PCR amplification of pHT370 plasmid 6. Generation of electro-competent
contaning the SaFabl gene and it protmoter S.auress RIN4220 cells

| |

_ _ 7. Colontes selection by ervthromycin
3 Transtormation of the PCE product into resistanc e

ic olt l

a8, Generation of EMN4220 expressing

native SaFabl and overexpressing the
SaFabl-A 33V

4. Colontes selection by ampicillin resistance

Scheme 1: Schematics of mutant generation into pHT370 plasmid, transformation into E. coli
cells and electroporation into S. aureus RN4220 cells. This virtual screening protocol was used to

acquire pHT370-SaFabl-A33V into S. aureus RN4220 cells.
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3.2.7. S. aureus RN4220 Cells with SaFabI-A33V Gene

RN4220 competent cells were generated following published methods (Mistry et al.,
2017) with minor adjustment. Briefly, RN4220 cells were grown in BHI (5 mL) in a 250-mL flask
to an ODy,, of 2.7. The culture was diluted into pre-warmed fresh BHI medium (100 mL) to an
ODy,, of 0.3 and incubated at 37 °C for 60 m to an ODy,, of 0.6. The culture was chilled on ice for
10 m, washed 3 times with equal volume of chilled H,O and recovered by a centrifugation (15 m)
at 3000 g. The cells were then re-suspended in 10% glycerol (10 mL) followed by another
suspension in 10% glycerol (4 mL first then 1 mL), all in sterile H,O. The cells were then
suspended in sterile electroporation solution of 10% glycerol and 0.5 M sucrose in chilled sterile
H,O and centrifuged as before. The supernatant was discarded with portion of the cells to ensure
complete supernatant removal. The previous step was repeated with 1 mL of the same
electroporation solution, re-suspended and divided into 100 pL aliquots. The aliquots were
centrifuged at 3000 g for 2 m, and then re-suspended in 50 pL of electroporation solution. DNA
(5 pgor 10 puL) was then added to the S. aureus RN4220 competent cells for immediate
electroporation. The cells should be in solution with very low salt content for the electroporation
to be successful.

The E. coli competent cells (Stellar competent cells from Clontech, for high efficiency
transformation) were thawed on ice. 5 pL of the PCR product of pHT370-SaFabl-A33V was
added to 50 pL of the competent cells, and incubated on ice for 5 m. The cells were then heat-
shocked at 42 °C for 45 s, and on ice for 2 m before shaking at 37 °C for one hour for recovery.
The resulting culture was plated on 100 pg/mL ampicillin plates, and single colonies were picked

and grown in liquid LB medium for DNA extraction. DNA extraction was carried out as



54

previously described in section 3.2.4, sequenced, and used for the electroporation to introduce it to
S. aureus cells.

3.2.8. Electroporation of S. aureus Cells

Micropulser electroporator from Bio-rad in Dr. A. Mankin lab (UIC) was used to introduce
one pulse of 1.8 KV for 2.5 ms to a pre-chilled 0.2 cm cuvette containing the DNA sample mixed
with the cells. 900 uL of 0.5 M sucrose in BHI was immediately added to the electroporated cells,
mixed, transferred to a 15 mL Falcon tube and incubated at 37 °C for 1 h for recovery. The
recovered cells were spread on a petri-dish plate containing 2 pg/mL erythromycin. Colonies that
appeared before 14 h incubation were picked, and their identities were determined by testing their
resistance to erythromycin, and triclosan/NADP".

3.2.9. Resistance Testing by MIC Determination

In-vivo resistance testing was determined by the MIC experiments as described in
Chapter 2 section 2.2.3. MIC for erythromycin and triclosan on (1) the native S. aureus RN4220
with no vector, (2) RN4220 with SaFabl WT vector, and (3) RN4220 with SaFabl-A33V vector
were determined.
3.3. Results

3.3.1. Error Prone PCR

The gel electrophoresis of the epPCR product showed a band of 800 bp, similar to that of
the wild type control (Figure 3.1). Calibration curve of DNA amount vs. DNA band intensity
appeared to be linear with the R* of the fitted data to be 0.99 (Figure 3.1). From the gel, the PCR
band intensity corresponded to 53 ng. A total of 10 ug of PCR product of SaFabl mutants was

generated. According to the company guidelines for GeneMorph II (Agilent Technology) this
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product-yield corresponded to a medium mutation frequency. With this yield, we obtained zero to

six mutations per plasmid.



56

20 ng 30 ng 40 ng PCR Eiling flng Ladder

250000 -
= 1235333 '
< 200000 A '
2 :
. ]
4 150000 '
= ]
= '
= ]
& 100000 - \
]
- '
A 50000 | X
Y = 4316 X + 4036 X
2 _
R*=10.99 ' 53
0 10 20 30 40 50 60
DNA (ng)

Figure 3.1: Calibration curve used to quantify the epPCR product.

The amount of a standard DNA sample was determined by its absorbance value at 260 nm (A260)
to give its concentration and the sample volume. The band intensity measured the brightness of
the band in arbitrary units (AU). The band intensity directly correlated with the amount of DNA
with a correlation coefficient of 0.99. PCR refer to the amount of PCR product loaded into the

well. The amount of PCR product was found to be 53 ng.
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As indicated earlier, the PCR amplification of 25 cycles was found to be optimum for achieving a
mutation frequency of one to six mutation per individual gene. The amount of initial DNA

template was adjusted to 100 ng (SaFabl portion), to give a product yield of 10 pg.

3.3.2. SaFabl Mutant Gene Analysis

DNA sequence analysis of plasmids containing SaFabl mutant samples indicated that there
were 22 A to C, 91 A to T and 125 A to G changes to give a total of 238 adenine substitutions
(TABLE VI). Similarly, there were 122 G, 187 T and 67 °C substitutions to give a total of 614
substitution (TABLE VI). A total of 219 colonies were analyzed. Forty two colonies consisted of
single amino-acid mutation in SaFabl protein (Figure 3.2), 38 colonies with double residues
mutations and 27 colonies with three mutations. In addition, fourteen, eight, and five colonies
with four, five and six mutations in the SaFabl protein. The mutations covered 191 residue
positions in Fabl throughout the length of this 256-amino-acid-residue protein. Eighty four
colonies consisted of silent mutations as well as frame shifts insertions and deletion and were

discarded.
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TABLE VI: SUMMARY OF BASE PAIR CHANGE DURING ERROR PRONE PCR (EPPCR).
EACH OF THE FOUR BASES IN THE TEMPLATE GENE WAS ALTERED TO THE OTHER
THREE IN THE RESULTING VARIANT GENE UPON COMPLETION OF THE EPPCR. WT
DESCRIBE THE NUCLEOTIDE ORIGINALLY FOUND IN THE WILD TYPE GENE. A
REFER TO THE NUCLEOTIDE SUBSTITUTED TO, IN THE MUTANT STRAIN. THE
TOTAL IS EITHER OF BASE CHANGED OR THE TOTAL OF NEW ALTERED BASES. RED
INDICATES THE INDIVIDUAL BASE SUBSTITUTION AND BLACK IS THE TOTAL
CHANGES THAT OCCURRED.

WT A C T G A Total
A 22 91 125 | - 138

G 9 24 | - 89 122

T 106 | @ - 11 70 187

c | - 36 9 22 67
Total 137 151 145 181 614
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Figure 3.2: Sample representation of single mutations generated on pET-15b during the error prone

PCR and mega primers ligation. Each of the point mutation was generated on a separate plasmid

containing the SaFabl gene. “SaFabl-WT” refers to the wild type sequence of the SaFabl gene, and

red residues denote each of the position where a single mutation was observed in a plasmid

construct. The numbers indicate the nucleotide position in the wild type gene.
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3.3.3. Mutants SaFabl Expression Vector

A total of 326 amino-acid-residue mutations were found in one hundred and thirty four
(134) pET-15b plasmids (SaFabl proteins) (TABLE VII). This included 1, 2, 3, 4, 5, or 6 mutations
in the Fabl protein. Forty two (42) were plasmids containing single mutation in the Fabl, thirty
eight (38) had two mutations, twenty seven (27) had three, fourteen (14) had four mutations, eight
(8) had five mutations and five (5) had six mutations. Only the 42 mutants with a single mutation
in Fabl were considered for triclosan binding study. These mutations were M1L, ESK, A25T,
A33V, L35F, E42D, R45P, K46N, E49D, N56H, N56K, P58Q, A60V, D66V, E71D, F77L, F77S,
Q79R, V84L, I87L, N98Y, M99IL, L102S, T109L, E112D, G113V, Y123H, G140C, K164R,
S166N, V171A, N182T, R184H, K199R, G200D, E212G, N220I, G227C, A230T, V2411, F2521

and H253P.
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TABLE VII: OVERVIEW OF THE AMINO-ACID SUBSTITUTED DURING THE ERROR
PRONE PCR (EPPCR) REACTION. “WILD TYPE RESIDUES” REFERS TO AMINO-ACIDS
FOUND IN THE WILD TYPE TEMPLATE STRAIN. “SUBSTITUTED RESIDUES” ARE THE
RESIDUES FOUND IN THE SAFABI AFTER EPPCR. SINGLE RESIDUE MUTATIONS ARE
LABEL IN GREEN. YELLOW IS THE RESIDUE WITH THE HIGHEST NUMBER OF
MUTATIONS. TOTAL REFER EITHER TO THE NUMBER OF TIMES A RESIDUE WAS
MUTATED OR THE NUMBER OF TIMES, IT HAS BEEN MUTATED TO, FROM THE WILD
TYPE RESIDUES.
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3.3.4. Mutation Characterization

Out of the 326 mutations, we found a mixture of inter-conversion between polar and
non-polar substitution, polar to other polar mutations or non-polar to other non-polar alterations
were observed. 36 mutations were in the active site, as defined in a publication (Schiebel et al.,
2012); from which 12 involved polar to non-polar or non-polar to polar change and the other 24
mutations maintained the polarity of the residues. In addition, 72 mutations involved interface
residues (Schiebel et al., 2012), from which 24 residues changed polarity while the other 48
maintained their polarity. The remaining mutations (152) were with the residues not in the active
site or interface. Within this class of 152 mutations, 103 maintained polarity and the other 49
changed polarities. Throughout the gene, 5 of the mutations changes from charged residues to

non-charge residues and vice versa.

3.3.5. MIC for SaFabI-A33V

The MIC values of triclosan/NADP" toward S. aureus RN4220 cells with the plasmid
pHT370 containing FabIl-A33V gene were greater than 100 ug/mL, whereas those for the controls
were 0.4 pg/mL on native RN4220 and 3.1 pg/mL on RN4220 containing pHT370-SaFabl-WT

(Figure 3.3).

The MIC of erythromycin was found to be 0.39 pg/mL in the native RN4220, and 64
pg/mL in both strains containing pHT370-SaFabl-WT and pHT370-SaFabl-A33V plasmids

(Figure 3.3).
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Figure 3.3: Minimum Inhibitory Concentration (MIC) of erythromycin, and triclosan on native S.
aureus RN4220, RN4220 containing pHT370-SaFabl wild type (WT), and RN4220 containing
pHT370-SaFabl-A33V. PHT370 contain erm resistant genes. The native RN4220 was used to
verify the presence of the plasmid, and the wild type was used as a control to access the effect of

the mutations on the bacterial resistance.
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3.4. Discussion

Triclosan exhibits antibacterial activity against Staphylococcus aureus (McBride et al.,
1984; Chen et al., 2009), and is a major class of antibacterial and antifungal agent used in many
commercial products (Heath ef al., 1999). However, triclosan resistant strains have since appeared.
Particular mutations in the enoyl-acyl carrier protein (ACP) reductase (ENR/Fabl) confer high
resistance to triclosan (Skovgaard ef al., 2013). It is crucial to identify potential resistant mutations,
their mechanism of resistance and to develop method of inhibition before they are observed
clinically. The error prone PCR (epPCR) enabled the substitution of nucleotides in a gene to give a
small library of single, double, triple and multiple mutations in the SaFabl protein. The single
mutations in SaFabl that were conferring resistance to triclosan included two mutations that
involves active site residues, nine mutations involves interface residues and nine mutations that do
not involve either active site residue or interface residues, but prevent triclosan binding. Polar
residues are key players in electrostatic interaction, and therefore, their mutation may influence the
enzyme conformation. The mutation analysis showed that 67% of the mutations maintained their
polarity while 33% changed the polarity indicating that most of the mutations did not affect the

electrostatic interaction in Fabl directly.

The MIC of erythromycin in the native RN4220 being eight-fold lower than that on both S.
aureus RN4220 SaFabl-WT and S. aureus RN4220 SaFabl-A33V was a proof that the latter two
strains contained the plasmid carrying the erythromycin resistant gene. The MIC value of triclosan
on SaFabl-WT in RN4220 strain (3.1 pg/mL) was 8-fold higher than that in native RN4220 (0.4

pug/mL) reported previously (Mistry et al., 2017). This result provided a good control for
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interpreting the mutant results. The further increase of MIC of triclosan on A33V to greater than

100 pg/mL was indicative of extra resistance due to the point mutation in the Fabl gene.

3.5. Conclusion

Directed evolution allows mutations in the SaFabl gene that resist triclosan binding to
become a serious threat to public health. Today, there is a pressing need to predict, identify and
prevent or alleviate the evolution of resistance to triclosan, which remain a widely used
antibacterial agent. Accelerated gene evolution is a useful tool in resistant mutations identification
before they emerge as a clinical isolates. EpPCR allowed us to generate a small library of mutants
that did not bind triclosan. In this project, nineteen different mutants were identified that did not
bind triclosan. This list of mutations will serve as a checklist for clinicians to identify resistant

strains in deciding a course of action.

3.6. Future Direction

The next logical step will be to identify the mechanism of resistance by simulating the
structures of the mutants in the presence of the substrate and co-factors. Simulation is currently
under way in Fung lab to access the mode of resistance for the various mutant and eventually

propose a mechanism of resistance development.
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Chapter Four

Comparison of the Solution Properties of N°-Carboxyaminoimidazole Ribonucleotide Mutase

(PurE) from Bacillus anthracis, Francisella tularensis, and Yersinia Pestis
4.1. Introduction

Structure-based drug discovery requires not only the validation of the protein target as
essential for growth and or virulence, but also a detail understanding of the structural features of
the protein to allow for a potent inhibitor development. Purine nucleotides are indispensable in the
DNA molecule synthesis and therefore essential for the survival of the bacterial cells. Inhibiting
one of the enzymes in a key step in the de novo purine biosynthesis pathway will create a
significant shortage of the purine molecules necessary for bacterial growth. The de novo purine
biosynthesis pathway is required for complete virulence in several pathogens including Yersinia
pestis and Bacillus anthracis (Jenkin et al., 2011). With N°-carboxyaminoimidazole ribonucleotide
(N°-CAIR) mutase (PurE) in the de novo purine biosynthesis pathway knocked out, the murines
showed little virulence of B. anthracis (Samant et al., 2008). In addition, knocking out the PurE
gene attenuates the growth of Mycobacterium tuberculosis (Sassetti et al., 2003). Given the
difference in the substrate between N°-carboxyaminoimidazole ribonucleotide (N°-CAIR) mutase
from human (Pur6), which contains a PurE domain, and the bacterial PurE, PurE protein becomes

a viable target for selective antibiotic development (Brugarolas et al., 2011).

All bacterial PurE enzymes studied so far exist as an octamer in solution and are found to
have the same substrate. However, the condition for obtaining octameric homogeneity with the

optimum enzymatic activity is not clear. The octameric enzyme has 8§ active sites, with each site
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formed by three subunits each (Mathews et al., 1999), but is shown to have variable level of
occupancy, with four active sites occupied in E. coli PurE (Hoskins et al., 2007). It is therefore

important to characterize and identify the optimal conditions for inhibitor screening.

For PurE from Gram positive B. anthracis, a “sub-stable” state was selected for high
throughput screening (Kim et al., 2015). For F. tularensis, causative agents of rabbit fever, and
Gram negative Y. pestis, causative agent for black plague, it is not clear whether similar conditions
can be used for inhibitor screening. Kinetics evaluation will help to obtain information on catalytic
efficiencies of PurE in these species, and the full biochemical and biophysical characterization may
reveal similar and/or distinct structural features that can be exploited in the development of both a

narrow and a broad spectrum antibiotic development.

4.2. Materials and Methods

4.2.1. Plasmid Construction and Transformation

The PurE genes from cDNA of Bacillus anthracis Ames strain (AANR; locus tag
Ba 0288), Francisella tularensis SHU4 (locus tag FTT 0896) and Yersinia pestis (locus tag
YPO3076) were individually inserted in pDEST -15 expression vector (Invitrogen; Carlsbad,
California), containing an ampicillin resistant gene, an N-terminal glutathione S-transferase (GST)
tag, a 20 amino-acid linker followed by a thrombin cleavage site. Briefly, primers designed for In-
Fusion ligation (Clontech) were used to amplify the gene and another set of vector amplification
primers was used to linearize the pDEST-15 vector. The PCR product of the gene was treated with
DPNI (New England Biolabs; Beverly, Massachusetts) and column purified. The gene and the

linearized vector were mixed in a molar ratio of three to one in the presence of 2 puL of In-Fusion
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enzyme. The mixture was incubated at 50 °C for 30 m and proceeded with transformation with
DH;-a competent cells (Zymo). Cells were spread on ampicillin containing agar plates. The DNA
sequence of the construct in the cells was confirmed by the results of Sanger sequencing done by
the Research Resources Center (RRC) at UIC. The plasmids were then extracted and transformed
into BL21-CodonPlus (DE3)-RIL (Agilent Technologies; Cedar Creek, Texas) competent cells, for

optimal protein expression.

4.2.2. Cell Growth and Protein Expression

A starter culture was prepared by inoculating a single colony in LB medium containing 100
pug/mL ampicillin and incubated overnight at 37 °C with shaking at 240 rpm. A glycerol stock was
prepared, flash frozen in liquid nitrogen to give freeze-down samples and stored at -80 °C for the
downstream processing. For the protein expression, freeze-down (50 puL) was added to Luria-Broth
(LB) (50 mL) and incubated overnight (16 - 18 h) to an optical density at 600 nm (ODy,,) of about
1.7. The next day, the overnight culture was added to one litter of fresh LB and incubated to an
ODy,, of 0.5. Isopropyl B-D-1-thiogalactopyranoside (IPTG; Gold Biotechnology; St Louis,
Missouri) was added to a final concentration of 0.5 mM to induce the protein expression. Cells
were harvest after an additional 3 h growth. The collected cells were weighted and stored at -80 °C

if not used immediately.

4.2.3. Purification of Recombinant Proteins BaPurE, FrPurE and YpPurE

About 12 grams of cells was re-suspended in 50 mL of 5 mM phosphate buffer at pH 7.4
with 150 mM NaCl (PBS7.4) and 1% triton and stirred at 4 °C to homogeneity. Lysozyme (1

mg/mL) was added and stirred. The final mixture was sonicated in a Rosetta cell for 15 m with a
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sonicator (Vibra Cell; Danbury, Connecticut) with a power output set at 30. The cell lysate was
centrifuged at 30,000 g for 30 m. The supernatant was applied to a glutathione affinity column
(Sigma-Aldrich; St Louis, Missouri) and washed with PBS7.4. The fusion protein was eluted with
a freshly prepared buffer (2.5 mM GSH in 50 mM Tris buffer at pH 8). The GSH was subsequently
removed by serial dialysis, 2h of 2 L followed by 4 L PBS7.4 overnight. The fusion protein was
concentrated to 2 mg/mL. Thrombin (Tb), with a ratio of 1 unit per mg of protein, was added and
incubated at 37 °C for 1 h for BaPurE and YpPurE and 3 h for FfPurE. Phenylmethylsulfonyl
fluoride (PMSF) (Pierce; Dallas, Texas) was added (1 pL of 10 mM PMSF per 10 units of Tb).
The mixture was put on ice, before it was applied to the affinity column to remove the GST tag.
BaPurE, FtPurE, or YpPurE was eluted with PBS7.4, and concentrated to an absorbance at 280 nm
(A,50) ~ 2 mg/mL. If the protein sample was not used immediately, it was frozen drop-wise (20 pL

each drop) in liquid nitrogen and stored at -80 °C.

4.2.4. Buffers

The following buffers were used. 5 mM phosphate with 0, 25, or 150 mM NaCl at pH 7.4
were prepared and the conductivity measured, using a Yellow Spring model 31 conductivity meter
(Yellow Spring Instrument Co; Yellow Spring, Ohio). Also, we prepared 25 mM Tris buffer with

0, 25 or 150 mM NaCl and the conductivity measured.
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4.2.5. Protein Thermal Unfolding

4.2.5.1. Secondary Structural Element Unfolding

Each frozen protein sample was thawed and dialyzed overnight in a desired buffer, and the
concentration was adjusted to 30 uM (~500 pg/mL). The sample (150 uL) was loaded to a quartz
circular dichroism (CD) cuvette for a CD spectrum measurement at 200-250 nm region at room
temperature with a CD spectrometer (JASCO J-810 equipped with a Peltier temperature
Controller). Then the wavelength was set to 222 nm and the temperature set to higher temperature
at a rate of 1 °C/m. The CD intensity was recorded at each temperature of 0.2 °C interval, and

stopped at 100 °C.

4.2.5.2. Tertiary Structure Unfolding

SYPRO Orange (SO) (Invitrogen; Carlsbad, California) is a dye with a well-documented
sensitivity to its hydrophobic environment (Lo ef al., 2004), and was used to access exposed
hydrophobic residues by measuring the fluorescence intensity of bounded SO. Protein sample (25
uM) was mixed with 5X SO (the exact concentration was not provided by the supplier, but as
5000X), and the fluorescence intensity was recorded with Jasco FP-6200 spectrofluorometer with
excitation at 472 nm and an emission at 570 nm. When the protein molecule was folded, little SO
binding, and thus little fluorescence intensity. As the protein was unfolded thermally, more SO
molecules were bound to the exposed hydrophobic pockets, and thus more fluorescence intensity

was observed.
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4.2.6. Protein Hydrodynamic Mass

The hydrodynamic mass of the three proteins were obtained using gel filtration column
chromatographic methods with a Superdex 200 column. The 10/30 GL column connected to a fast
performance liquid chromatography (FPLC) (AKTA Purifier; GE Healthcare; Pittsburgh,
Pennsylvania). The system was first equilibrated with an appropriate buffer, such as 5 mM
phosphate pH 7.4 with 150 mM NacCl, which was filtered and degassed prior to usage. The protein
sample was thawed on ice, centrifuged at 23,000 g for 2 m before being diluted to 25 uM, loaded
to the column and eluted at 0.5 mL/m. A calibration curve using high molecular weight standard
proteins (Aldolase, Ovalbumin, Ribonuclease, Ferritin, Conalbumin and Ribonuclease; all ~8
ng/mL and were from GE Healthcare) was established in 5 mM phosphate at pH7.4 with 50 mM
NaCl (conductivity = 5,300 uMHO) or with 150 mM NaCl (13,000 pMHO). Blue dextran (GE
Healthcare) was used to measure the void volume (V). The elution volume (V) of each sample
was then used to calculate the partition coefficient K, (V. - V)/(V,-V,) where V, was the total

volume of the column.
4.2.7. Enzyme Activity

The activity of PurE was monitored by the disappearance of the substrate (CAIR) in the
conversion of CAIR to N>-CAIR (Meyer et al., 1992; Kim et al., 2015). CAIR was synthesized in
our lab following the published method (Sullivian et al., 2014). Enzyme (10 nM) and CAIR (30
uM) in 350 pL of a specific buffer were mixed, and the UV absorbance at 260 nm was followed for

90 second. To determine the protein concentrations, the following extinction coefficients were
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used: 11460 M'cm™ for BaPurE, 8605 M'cm™ for FfPurE and 13980 M '¢cm™' for YpPurE and

~9,000 M'cm™ for CAIR (Meyer et al., 1992).
4.2.8. Kinetics Parameters, Km and K_,,

Ten substrate concentrations, from 1 to 100 uM, were used in each buffer system for the
enzyme activity measurement. The enzyme activities were plotted as a function of substrate
concentration to determine whether the enzyme followed a Michaelis-Menten kinetics. If it did, the
double reciprocal plots of activity vs. concentration were obtained. The Y-intercept was recorded
as 1/Vmax and the X-intercept was recorded as -1/Km. The catalytic efficiency (K_,,) was obtained
by dividing V. by the total enzyme concentration. The catalytic efficiency (Km/K_, ) was also

obtained.
4.2.9. Surface Hydrophobicity Assessment

SYPRO Orange (a final concentration of 5X) was added to the protein samples (BaPurE,
FtPurE and YpPurE, each at 25 uM) in a specific buffer system. The fluorescence signal intensities
at room temperature were recorded as described in Section 4.2.5.2. The hydrophobic residues on
the surface of each protein were also visualized by Chimera 1.12 by selecting hydrophobicity
surface from the “presets” menus, using x-ray structures as inputs (1XMP for BaPurE, 300W for

FtPurE and 3KUU for YpPurE).
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4.3. Results

4.3.1. PurE from B. anthracis, Francisella tularensis and Yersinia pestis

BaPurE consisted of 1 tryptophan and 4 tyrosine residues (Figure 4.1) with an
extinction coefficient of 11,460 M'cm™. It had 164 residues, 20 of which are negatively
charged and 15 positively charged. The molar mass was 17.3 kDa and the isoelectric point
(PI) was 5.3. FfPurE consisted of 1 tryptophan and 2 tyrosine residues with an extinction
coefficient of 8,605 M'cm™. It had 166 residues, 17 of which are negatively charged and 14
positively charged. The molar mass was 17.4 kDa and the PI of 5.8. YpPurE consisted of 2
tryptophan and 2 tyrosine residues with an extinction coefficient of 13.980 M"'cm™. It had
177 residues, 15 were negatively charged and 10 positively charged. The molar mass was
18.2 kDa and the P1 5.6 (TABLE VIII). BaPurE was shown to have 71% sequence similarity
to FrPurE, and 62% similarity to YpPurE. FfPurE and YpPurE were shown to have 70%
similarity (TABLE VIII). Sequence alignment (Figure 4.1) showed that 81 residues in all 3

enzymes were conserved.
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TABLE VIII: SEQUENCE-RELATED PROPERTIES OF BAPURE, FTPURE, AND

YPPURE
BaPurE* FfPurE® YpPurE®
# Tryptophan 1 1 2
# Tyrosine 4 2 2
Extension coefficient (M cm™)? 11460 8605 13980
# Negative residues 20 17 15
# Positive residues 15 14 10
# Total residues® 164 166 177
Molecular mass (Da) 17322.9 17477.1 18232.8
pl 5.3 5.8 5.6
Sequence similarity (%)" Baand Ft: 71 Ftand Yp: Yp and
70 Ba: 62

“BaPurE is Bacillus anthracis N°-carboxy-amino-imidazole ribonucleotide mutase.

°Ft is Francisella tularensis.

°Yp is Yersinia pestis.

4 Calculated with the program ExPASy ProtParam
(https://web.expasy.org/cgi-bin/protparam/protparam).

¢ residues in the full-length protein plus residual residues GSH from fusion protein cleavage

" Calculated with the program EMBOSS Needle
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/)
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Figure 4.1: Sequence alignment of BaPurE, FfPurE, and YpPurE by clustal omega.
(European Bioinformatics Institute, EBI). The conserved residues between the three proteins
are highlighted in red. Somewhat conserved residues are boxed in light blue. Yp, Ft and Ba
are the codes representing the organism where the protein is coming from, namely, Yersinia
pestis, Francisella tularensis and Bacillus anthracis in that order. The secondary structural
elements (alpha helix a, beta sheet B, TT beta turn, TTT: alpha turn and n 3,,-helix) are
represented on the top. The alignment was generated by ESPrit.

http://espript.ibep.fr/ESPript/ESPript/.
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4.3.2. Buffer Conductivities

The conductivity of 5 mM phosphate with no NaCl (5P-0) was 700 yMHO, 5 mM
phosphate with 25 NaCl (5P-25) was of 3,300 uMHO, 5 mM phosphate with 50 NaCl (5P-50) had
a conductivity of 5300 uMHO and 5 mM phosphate with 150 NaCl (5P-150) was 13000 puMHO.
The conductivity of 25 mM Tris buffer at pH 8 with no NaCl added (25T-0) was 1,300 uMHO,
25Tris with 25 mM NaCl added (25T-25) was 4,000 uMHO, 25Tris with 50 mM NaCl added
(25T-50) was 5,400 uMHO and , and 25mM Tris with 150 mM NaCl added (25T-150) was 12500

uMHO (Figure 4.2 ;TABLE IX).

4.3.3. Recombinant Protein Expression and Purification

The plasmids for BaPurE, FtPurE and YpPurE were identical except the PurE gene portion,
as confirmed by DNA sequencing results. The whole-cell electrophoresis showed an over-
expression of about 43 kDa band of the fusion protein (GST-PurE; sequence mass ~ 45 kDa)
(Figure 4.3 A). About 20 mg of fusion protein per liter of culture were obtained for all three
proteins, and upon removal of the GST, 7 mg of BaPurE, 5 mg of FrPurE and 3 mg of YpPurE

(with similar purity of 80%) were obtained (Figure 4.3 B).
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Figure 4.2: Buffer ionic strength as a function of NaCl concentration. A salt concentration ranging

from 0-150 mM NaCl yielded a linear correlation with the conductivity, and the R* value was 0.99.



TABLE IX: CONDUCTIVITIES OF BUFFERS USED FOR DIFFERENT EXPERIMENTS.
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Buffer 5P-0* | 5P-25 | 5P-50 | 5P-150 | 25T-0° | 25T-25 | 25T-50 25T-150
Conductivity | 700 3300 5300 | 13000 1300 4000 5400 12500
(LMHO)

*5P-0 = 5 mM phosphate with 0 mM NaCl

®25T-0 = 25 mM Tris with 0 mM NaCl
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Figure 4.3: 16% SDS-PAGE analysis. A) Whole-cell electrophoresis of cells containing GST-
PurE. Each protein was expressed as an N-terminal GST fusion protein in pDEST-15 vector; and
the expression was induced with 0.5 mM IPTG. The gel showed the over-expression of the fusion
protein in the induced colonies. M: molecular mass marker; (-) no IPTG added; (+) IPTG added. B)
Purity assessment (SDS PAGE) of PurE after GST was removed. BaPurE, FfPurE and YpPurE are

described in figure 4.1.
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4.3.4. Protein Thermal Stability
4.3.4.1. Secondary Structural Elements

A typical unfolding profile of BaPurE exhibited a single transition both in 5 mM phosphate
with no or 25 mM NaCl (5P-0; 5P-25) or in 25 mM Tris with no or 25 mM NaCl (25T - 0; 25T-
25), and a double transition in both 5 mM phospate with 150 mM NaCl (5P-150) and 25 mM Tris
with 150 mM NaCl (25T-150; Figure 4.4 A and D). A single transition was observed in FfPurE in
all buffers except in SP-150 (Figure 4.4 B and E). It should be noted that in 5P-0 and 25T-25
FtPurE exhibited a gradual unfolding even at low temperature. YpPurE exhibited a single transition
temperature in all buffers except in 25T-0 where two transition were observed. There were baseline
problems in 5P-0 and 5P-25 (Figure 4.4; C and F). The average Tm for BaPurE was 48.6 + 0.9 (n
=3)in 5P-0, 50.7 + 0.5 (n=3) in 25T-0, 55.7 + 0.9 (n = 4) in 5P-25, 54.7 + 0.1 (n = 2) in 25T-25,
62.7+2.9 (n=3)in 25 T-150, and 61.5 + 0.4 (n = 3) in 5P-150. The Tm for FfPurE 60.3 + 0.3 (n
=3)in 5P-0,59.3 + 0.5 (n=4) in 25T-0, 57.1 + 0.1 (n =2) in 5P-25, 61.5 + 2.3 (n = 3) in 25T-25,
63.2+2.6 (n=23)1in 25 T-150, and 62.5 in 5P-150. The Tm for YpPurE was 61.2+ 0.0 (n =2) in
5P-0,63.7+0.9 (n=2)in 25T-0, 62.6 + 0.4 (n = 3) in 5P-25,64.3 + 0.1 (n=2) in 25T-25, 61.3 +
1.4 (n=3)1in 25 T-150, and 62.5 + 1.1 (n=2) in 5P-150 (TABLE X-columns with CD,,, .

heading).
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Figure 4.4: Fraction of unfolded protein recorded by CD as a function of temperature. 30 uM

sample was heated at a rate of 1°C per minute and the CD signal was recorded at 222 nm. The

experimental data are represented by the single points and the fitted line is represented by the solid

line and was the Boltzmann fit of the experimental data. A): BaPurE in 5 mM phosphate plus 0-

150 mM NacCl. B): FfPurE in 5 mM phosphate plus 0-150 mM NaCl. C): YpPurE in 5 mM

phosphate plus 0-150 mM NacCl. D): BaPurE in 25 mM Tris with 0-150 mM NaCl. E): FtPurE in

25 mM Tris with 0-150 mM NaCl. F): YpPurE in 25 mM Tris with 0-150 mM NaCl.

Black (5P-0 or 25T-0), Red (5P-25 or 25T-25), Blue (5P-150 or 25T-150).
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TABLE X: AVERAGE T,, VALUES OF THERMAL UNFOLDING OF PURE (30 MM) IN

BUFFERS WITH DIFFERENT IONIC STRENGTH, MONITORED BY ELLIPTICITY VALUES
AT 222 NM WITH CIRCULAR DICHROISM (CD,,, ;) METHOD AND WITH
FLUORESCENT INTENSITIES (EX = 472 NM; EM = 570 NM) OF ADDED SYPRO ORANGE
(5X SYPRO ORANGE) (FL-SO).

Buffer* Conduct® BaPurE FfPurE YpPurE
uMHO T, °C T, °C T, °C
NaCl CD,,.. | Fl-s0 | cD,,.. | Fiso | cp,,.. | F-so
(mM))

5P 0 700 48.6 44.7 60.3 60.5 61.2 60.0
0.9:3° |¢=1) |©03:3) [©09:4) | 00:2) | 0.1;3)

25T 0 1300 50.7 49.5 59.3 60.8 63.7¢ 63.5
(0.5;3) (1.0;2) |(0.5;4) |(0.5;3) (0.9; 2) (0.4;2)

5P 25 3300 55.7 56.0 571 60.7 62.6 59.8
(09;4) |(2.7;4) |(0.1;2) |(1.7;3) (0.4;3) (0.6; 3)

25T 25 4000 54.7 53.7 61.5 60.8 64.3 60.3
0.12) | 092) | @33) | @282 | 012 | 012

25T 150 12500 62.7¢ 63.4 63.2 65.0 61.3 60.8
29:3) | 02:2) | 26:3) |06:3) | (1.4:3) | (0.2:2)

5P 150 13000 61.5° 62.6 62.5' 65.1 62.5 58.8
04;3) (=D |51 [¢-1D (1.1;2) (0.3;2)

‘Buffer - 5P for 5 mM phosphate buffer at pH 7.4 and 25T for 25 mM Tris buffer at pH 8.

®Cond is the conductivity of the buffer.

“The values in the parentheses below each average value are those of the standard deviation and of

the number of runs.
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A second transition was observed with Tm = 87.2 + 1.1 °C; °A second transition was observed

with Tm = 83.9 + 0.2 °C (n = 4).

'A second transition was observed with Tm = 80.7 °C. No values are given for those with a single

run.

¢A second transition was observed with Tm = 79.4 °C.
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4.3.4.2. Tertiary Structure Thermal Unfolding

All the proteins exhibited a single transition in all buffer conditions (Figure 4.5). The Tm
for BaPurE was 44.7 (n=1) in 5P-0,49.5 + 1.0 (n =2) in 25T-0, 56.0 + 2.7 (n =4) in 5P-25, 53.7
+0.9(n=2)in25T-25,63.4+0.2 (n=2)in 25T-150 and 62.6 (n = 1) in 5P -150. The Tm for
FtPurE was 60.5 + 0.9 (n=4) in 5P-0, 60.8 + 0.5 (n = 3) in 25T-0, 60.7 + 1.7 (n = 3) in 5P-25,
60.8 + 2.8 (n=2)1in 25T- 25, 65.0 + 0.6 (n=3) in 25T-150 and 65.1 (n = 1) in 5P -150. The Tm
for YpPurE, was 60.0 + 0.1 (n=3) in 5P-0, 63.5 + 0.4 (n =2) in 25T-0, 59.8 + 0.6 (n = 3) in 5P-25,
60.3+0.1 (n=2)1in 25T- 25, 60.8 + 0.2 (n=2) in 25T-150 and 58.8 + 0.3 (n=2) in 5P -150

(TABLE X columns with “FI-S.0” heading).

4.3.5. Protein Homogeneity Assessment by Size Exclusion Chromatography

The plot of K, versus the molecular mass (13.7 to 440 kDa) of proteins used for
calibration was linear with a correlation coefficient of 0.99 (Figure 4.6 A). The elution profile
showed single or double peaks (Figure 4.6 B). BaPurE in solution was found to have two
components in equilibrium with K,,, of 0.29 and 0.43 in 5P-0, and 0.42 and 0.55 in 5P- 25, but
with only one component with a K,,, of 0.50 in 5P-150 (Figure 4.6 C). FtPurE showed a major
component with a K,,, of 0.30 in 5P-0, 0.44 in 5P-25, and 0.51in 5P-150 (Figure 4.6 D). YpPurE
also eluded as a single component with a K,,, of 0.28 in 5P-0, 0.42 in 5P-25 and 0.50 in 5P-150

(Figure 4.6 E; TABLE XI).
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Figure 4.5: Thermal stability of BaPurE (25 uM), FrPurE and YpPurE in buffer with different salt

concentration. A): BaPurE in 5 mM phosphate plus 0-150 mM NaCl. B): FrPurE in 5 mM

phosphate plus 0-150 mM NaCl. C): YpPurE in 5 mM phosphate plus 0-150 mM NacCl. D):

BaPurE in 25 mM Tris with 0-150 mM NaCl. E): FfPurE in 25 mM Tris with 0-150 mM NaCl. F):

YpPurE in 25 mM Tris with 0-150 mM NaCl. Black symbols: samples in 5 mM phosphate or 25

mM Tris with no salt added to the buffer; Red symbols: samples in 5 mM phosphate or 25 mM

Tris with 25 mM NaCl added to the buffer; Blue symbols: samples in 5 mM phosphate or 25 mM

Tris with 150 mM NaCl added to the buffer. The fraction of unfolded protein was obtained by

recording the fluorescence intensity of the SYPRO Orange dye.
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Figure 4.6: Elution profile of BaPurE, FfPurE and YpPurE in 5 mM phosphate using size exclusion
with fast performance liquid chromatography (FPLC). 25 uM of the PurE sample was prepared and
150 pL was loaded to the column. A): Calibration curve in 5 mM phosphate buffer at pH7.4 with
150 mM NacCl. B): elution profile of the standard proteins. C): Elution profile of BaPurE in 5 mM
phosphate plus 0-150 mM NaCl. D): Elution profile of FPurE in 5 mM phosphate plus 0-150 mM
NaCl. E): Elution profile of YpPurE in 5 mM phosphate plus 0-150 mM NaCl. Samples with no
salt added are in black circles; Samples with 25 mM NaCl added are represented in red squares,
and the samples with 150 mM salt added are in blue triangles. All samples were run on a Superdex

200 with a flow rate of 0.5 mL/m.
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TABLE XI: CALCULATED PARTITION COEFFICIENT (K,,) OF THE ELUTION PEAKS IN
THE DIFFERENT BUFFER CONDITIONS. THE K,,, WAS OBTAINED FROM N DIFFERENT
INDEPENDENT ELUTION PROFILES AND THE VARIATION BETWEEN RUNS ARE
REPORTED AS A STANDARD DEVIATION (STD).

Buffer Conduct. BaPurE FtPurE YpPurE
(uMHO)

[NaCl] K,y 1° STD |n [K, 2" | STD K,, |STD K,, |STD

5P 0 700 0.29 0.01 6 0.43 0.03 0.30 0.01 0.28 0.01

5P 25 3300 0.42 0.00 4 0.55 0.01 0.44 0.01 0.42 0.00

5P 150 13000 0.50 0.01 4 0.51 0.01 0.50 0.00

*K,v 1 =K,y of the first species in the sample

K,y 2 = K, of the second species in the same sample.
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4.3.6. PurE Enzyme Activity

All three enzymes exhibited a Michaelis-Menten kinetics, as shown in the activities versus

substrate concentration plot (Figure 4.7).

For BaPurE, the specific activity (mol.min".mg") was found to be 11.2 +2.6 (n = 8) in
25T-0, 19.0 in 5P-25, 23.8 in 25T-25 and 13.5 + 3.7 (n = 5) in 5P-150. For FfPurE, the specific
activity was 4.0 + 2.4 (n = 10) in 25T-0, 10.7 in 5P-25, 16.8 in 25T-25 and 9.9 + 1.2 (n = 2) in 5P-
150. For YpPurE, the specific activity was 8.3 + 1.6 (n = 8) in 25T-0, 16. 9 in 5P-25, 15.3 in 25T-

25 and 8.7 + 2.2 (n = 6) in 5P-150 (TABLE XII).
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Figure 4.7: A): Time dependent BaPurE, FfPurE and YpPurE activity assay in 25 mM Tris buffer at
pH 8. The PurE activity is represented by the decrease of the substrate CAIR absorbance per unit
time. The enzymatic assay was carried out using 30 uM of CAIR and 10 nM enzyme. The
absorbance of CAIR was recorded at 260 nm every 5s for 90s. B): Michaelis-Menten plots of
BaPurE, FrPurE and YpPurE in 25 mM Tris and 25 mM NacCl. C): Michaelis-Menten plots of
BaPurE, FrPurE and YpPurE 5 mM phosphate buffer at pH 7.4 with 150 mM NaCl. D): Michaelis-
Menten plots of BaPurE, FfPurE and YpPurE 25 mM tris and 25 mM NaCl. E): Michaelis-Menten

plots of BaPurE, FfPurE and YpPurE 5 mM phosphate and 25 mM NaCl.
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4.3.7.K,, and K,

For BaPurE, the K was 10.8 + 3.2 uM (n=7) in 25T-0, 9.1 uM in 5P-50, 20.9 uM in 25 T-50 and
16.0 +4.5 (n=2) in 5P-150 (Figure 4.8 A, Figure 4.8 B and TABLE XII). For FfPurE, the K was
6.2 uM in 5P-50, 11.2 uM in 25T-50 and 11.2 + 0.5 uM (n = 2) in 5P-150. The K, was not
determined in 25T-0 due to low activity. For YpPurE the K, was 16.4 + 5.3 uM (n = 3) in 25T-0,
16.6 uM in 5P-50, 11.3 in 25T-50 and 10.1 uM in 5P-150 (Figure 4.8 A and Figure 4.8 B). K, in

5P-50 and 25T-50 were determined once.
4.3.8. Salt Effect on Enzyme Activity

The specific activity of BaPurE was shown to be 9.9 pmol. min™. mg" in low ionic strength
buffer (conductivity = 700 uMHO) and increases to 26.5 umol. min”'. mg™ in a medium low ionic
strength buffer (conductivity = 5300 pMHO) and decreases again to 15.1 umol. min"'. mg™ in high
ionic strength buffer (conductivity = 13000 uMHO). The specific activity of FfPurE displayed the
same variation and was shown to be 4.2 umol. min™. mg" in low ionic strength buffer and
increases to 21.8 pmol. min”'. mg" in a medium ionic strength buffer and decreases again to 15.1
umol. min”'. mg™ in high ionic strength buffer . For YpPurE the specific activity of was shown to
be 12.2 pmol. min™. mg" in low ionic strength buffer and increases to 27.4 umol. min™. mg” in a
medium ionic strength buffer and decreases again to 13.2 umol.min”. mg" in high ionic strength

buffer (TABLE XII; Figure 4.9).
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Figure 4.8: Double reciprocal linear regression (Lineweaver Burk plot). The K, and Vmax were
obtained from the linear regression. Vmax was calculated as 1/ V -intercept and K, as -1/[CAIR]-
intercept. The correlation coefficient (R*) was used to access the reliability of the data. A): BaPurE
in 25 mM Tris, 0 mM NaCl; B): FfPurE in 25 mM Tris, 0 mM NaCl; C): YpPurE in 25 mM Tris, 0
mM NaCl. D): BaPurE in 25 mM Tris, 25 mM NacCl; E): FfPurE in 25 mM Tris, 25 mM NaCl; F):
YpPurE in 25 mM Tris, 25 mM NaCl; G): BaPurE in 5 mM phosphate with 25 mM NacCl; H):
FtPurE in 5 mM phosphate with 25 mM NacCl; I): YpPurE in 5 mM phosphate with 25 mM NaCl,
J): BaPurE in 5 mM phosphate with 150 mM NacCl; K): FtPurE in 5 mM phosphate with 150 mM

NaCl; L): YpPurE in 5 mM phosphate with 150 mM NacCl.
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TABLE XII: MICHAELIS-MENTEN CONSTANT (K,,). A MAXIMUM INITIAL RATE
(Vyax)", TURN OVER NUMBER (K_,;)® AND SPECIFIC ACTIVITY (SA) OF BAPURE,
FTPURE, AND YPPURE WITH SUBSTRATE CAIR (30 MM) IN BUFFERS WITH
DIFFERENT IONIC STRENGTH (CONDUCTIVITY) AT 21 °C.

Buffer | Conductivity | PurE K, Voo Ko K. /K, x107 SA 30 uM
(uMHO) (uM) (umol min"' mg™) (min™) (M min™) (mol g’ min")
Ba | 108+32(7)° |17.6+4.3(7) 306 +75(7) | 2.9+0.3(7) 11.2+2.6 (8)
25T-0 1300 Ft ND! ND ND ND 4.0 +2.4 (10)
Yp 164+53(3) 132+4.703) 303 + 133 (3) 14504 8.3 +1.6(8)
Ba 9.1 22.6 391 4.3 19.0
5P-50 5400 Ft 6.2 14.1 247 4.0 10.7
Yp 16.6 28.2 514 3.1 16.9
Ba 20.9 38.2 661 3.2 23.8
25T-50 5700 Ft 11.2 24.6 430 3.8 16.8
Yp 11.3 22.7 414 3.7 15.3
Ba 16.0 + 4.5 (2) 21.8+8.3(2) 377 +143(2) | 23+02(2) 13.5+3.7 (5)
5P-150 13000 Ft 11.2+0.5(2) 12.7 4+ 0.6 (2) 221+ 11(2) | 2.0+0.0(2) 9.9 +1.2 (5)
Yp 10.1 10.7 181+ 19 (2) 1.6 + 0.6 (2) 8.7+2.2(6)

*K,, and V. values were obtained from double reciprocal plots.

°k.,, values were calculated from V

octomer.

‘n value is shown in parenthesis.

IND = Activity was too low to be measured.

nax /[PUrE] - [PurE] = 10 nM per monomer or 1.23 nM per
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Figure 4.9: The specific activity of enzymes in increasing buffer ionic strength (conductivity) in 5
mM phosphate buffer with variable amount of NaCl added. Black squares represent the specific
activity of BaPurE, red circle represent the specific activity of F7PurE and blue triangles represent

the specific activity of YpPurE.
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4.3.9 Inhibition Study

The activity of FfPurE in 25T-0 was determined with and without LC5. The activity of FfPurE with
LCS5 was found to be 80% that of the activity of FfPurE without LCS5. This 20% inhibition is

comparable to that of LC5 on BaPurE (Kim et al., 2015).

4.3.10. Protein Surface Hydrophobicity

The average SYPRO Orange fluorescence intensity for BaPurE (25 uM) samples was 280 +
2 au (n = 12), for FfPurE was 107 + 2 au (n = 12) and for YpPurE was of 37 + 2 au (n = 12) (Figure
4.10). The surface hydrophobicity representation shows the deep orange as highly hydrophobic,
light orange as somewhat hydrophobic, white as neutral and blue as hydrophilic. Between the three
structures. The qualitative nature of the surface display made it difficult to visualize hydrophobicity

quantitatively.
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Surface Hydrophobicity of BaPuiE, FFPwE and FpPurE
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Figure 4.10: Surface hydrophobicity evaluation. Each of the protein was prepared in 5 mM
phosphate with 0 mM NaCl or 150 mM NacCl. 25 uM sample was prepared with 5 X SYPRO
Orange and the fluorescence intensity was recorded at the excitation of 472 and emission of 570 nm
for 3 min at 25 °C. A): Fluorescence intensity of BaPurE, FtPurE and YpPurE. The reported
intensities are that of the average of three separate samples. B): Hydrophobic residue on the surface
of BaPurE, 1XMP; C): Hydrophobic residue on the surface of FfPurE, 300W; D): Hydrophobic

residue on the surface of YpPurE, 3KUU. The visual representation was generated by Chimera.
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4.4. Discussion

Our goal was to characterize the three homologous (BaPurE, FfPurE and YpPurE) enzymes
and identify similarities as well as distinct characteristics that can be exploited in the development
of a common inhibitor as well as separate, specific inhibitor for each. With the accessibility of
genome sequencing, valid target identification as well are high throughput crystallization is readily
available (Anderson et al., 2003). Choosing the optimal condition as well as type of inhibitor for
each target still require the full biochemical characterization of the target. The activity of PurE in
the de novo purine biosynthesis pathway support the growth and the virulence of bacteria like
Bacillus anthracis and Yersinia pestis in murines (Samant et al., 2008; Jenkins et al., 2012) as well
as the growth of mycobacterium tuberculosis (Sasseti et al., 2003). Given the importance of PurE in

bacterial growth and virulence, finding an inhibitor for this enzyme is necessary.

Our data showed that in a buffer with about 50 mM NaCl to give a conductivity between
5300 to 5400 uMHO, all three enzymes exhibit an optimal activity. Under the same buffer
condition, the three enzymes show lower stability as compared with buffers with higher salt
concentrations as shown by the secondary and tertiary elements unfolding. The slight difference in
structural stability for F7PurE and YpPurE in the different buffer was statistically significant. The

homogeneity of BaPurE in solution also dependent on salt content in the buffer.

In general, the three enzymes exhibited similar kinetic as well as structural stability

properties in solution. It is thus possible to develop common inhibitors for all 3 enzymes.

However, the surface hydrophobicity showed that BaPurE exhibited almost three times the

number of hydrophobic patches on its surface than FfPurE and almost eight times the amount on the
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surface of YpPurE in all buffer conditions. Given that the three homologous enzymes are more than
50 percent identical in amino-acid sequence, three to eight times more in surface hydrophobic
residues signify a disproportionate preference of the hydrophobic residues on the surface of BaPurE.
Thus, we may take advantage of this difference to develop inhibitors that can selectively bind to the

BaPurE, but not the other two enzymes, to allow a narrow spectrum antibiotic development.

To our knowledge, this is the first time that PurE for B. anthracis, F. tularensis and Y. pestis
have been fully characterized and the molecular information uncovered in this study will be

invaluable in the selection of inhibitors.

4.5. Conclusion

Optimization of assay buffer condition and the identification of the appropriate biochemical
method are the first essential steps in the long screening process for narrow and broad spectrum
antibiotic discovery. PurE has been shown to be a good target for growth and virulence attenuation.
To find a potent inhibitor for this enzyme in different species, it is important to find the similarities
and differences in the molecular structure that will aid in the selection of the appropriate inhibitors.
The data showed a significant difference in the number of hydrophobic residues on the surface of
the three proteins that can be explored to select and improve a specific inhibitor. We found that all
three enzymes exhibited optimum activity in medium ionic strength buffer with 50 mM NacCl in the
buffer, and we found that the homologous enzyme have similar stability in high salt buffer. The

structural features uncovered in this study will be useful in the selection of lead compounds.



4.6. Future Directions

The next step is to screen the inhibitors of BaPurE on FrPurE and YpPurE for level of
inhibition. It will be important to identify the residues that have the greatest impact on the protein

surface hydrophobicity and thus to develop selective inhibitors.
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Abstract

Trickosan is an effective inhibitor for enoyl acyl carrier protein reductese (EMR) in fatty add biosynthesis. Triclozan-
resistant mutants of EMR have emerged. Thus, it is important to detect these tridosan-resismnt mutations in ENR
Generally, enzyme activity assays on the mutants are used to detarmine the effect of triclosan on ENR. activity. Since the
subscrates are linked to acyl carrler proteln (ACP), the assays are challenging due to the need to prepare the ACP and
link It to the substrates. Mon-ACPdinked {coenzyme A [Cofj-inked) substrates can be used In some EMR, but not In
all. Consequently, screening for oriclosan-resistant mutants | also challenging. YWe have developed a simple thermal shift
assay, which does not use ACP-linked substrates, to determine the binding abllity of triclosan to the ENR acthee site, and
thus It can be uzed for screenlng for wrlclosan-reslstant mutants. Saphwiecoccus aurews Fabl enzyme and e mutants were
used to demonstrate the binding abllity of ericlosan with NADF™ to Fabl, The direct correladon between the binding abillty
and enzyme activity was demonstrated with Frandsella fukarensls Fabl. This method may also be applled 1o select effecdye

trickosan analogues that Inhiblt ENR activity.
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Intraduction

Triclosan, 3-chloro=2-(24-dichlorophenoxyiphenal or
2 4.4 trichloro-2 “hvdroxydiphenyl ether, has activity against
1AM, ]:rut not all, types of Gram-positive and Gram-negative
ba-:nena, including methicilin-resistant  Gram-positive
Staphylococcus aures airamu.,*MJrﬂbadenm duberculosiz,
and Plasmodium faleiparam.” It has also bul:n reported that
triciosan Ec_l,'tumxlctubcrmtmm:ru:]la The mode of
action of triclosan on bacterial cells is well studied™™ ' and it
targets enoylbacyl camier protein iACP] reductase (ENR),
which is encoded by the gene Fabl' and catalyzes the final
step of the type 11 (bacterial) fatty scid biosynthesis patimway
to reduce the double bond of enoyl-ACP to single-bend acyl-
ACP with cofactor MAD(F)H. " Triclosan inhibits the enzyme
action by forming a stable ternary complex with the meoidized
cofactor NAD(P)Y and the side chains of Fabl active site resi-
dues, " The trickosan effect on the human fatty acid synthase
study suggests that inhibitors like triclosan may have chemo-
therapeutic potential.®

Due to its usefulness toward inhibiting bacterial growth,
triclosan has been widehy used,™ and spocics resistant bo tri-
closan can arise from mutations in ENR/Fabl. For example,
&. gureus Fabl (¥aFebl) mutations such as A95Y, 11933, and
F2045 have been identified in selection c:r.pcrimulta,“ sug-
pesting that other mutations in 5 owrews may also survive
triclosan treatment and need to be identified. To determine

whether triclosan inhibits certain ENR/Fabl mutants, enzy-
matic activity in the presence of triclosan is commonly mea-
sured to detenmine triclozan inhibition activity. For ENR/Fabl
enzymes of many species such as Eecherichir coll and
Franclseile miarensts, it is possible to substinge the substrate
enoyACT with coenzyme A (CoA 2 esters, such as crotonoyl-
CoA, ag nTpmmuﬂalauhuhml " bt with much reduced
activities."” For the ENR/Fahl of specics where the substrate
cannot be substitted with crotonoyl-CoA, such as that of
& ouwrews, substrate enoyl-ACP needs to be used to identify
triclosan-resisiant nutations or to select effective inclosan
analogues a8 useful antibiotic leads, Obtaining ACP-linked
substrates involves the purification of apo-ACP from cellular
extract followed by either enzymatic-driven'™® or chemically
driven'? linkage of the enoyl chain to the ACP. Consequently,
shudies that require encyl-ACP for subgirate are laborious. It is
speculated that SaFabl diverges from the classical Fabl struc-
turc and behavior owing to the wealth of branched-chain
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fatty acids oecupying the membranes of 5. mwrens. ™ If so, the
traits of SaFabl may be repested m other organisms with
similar membrane compositions, such as the genus Bacrilfns,
i which all of the spacies are with branched fatty acid chains
in their membranes ™

W have developed a thermal shift method to determine
whether triclosan binds specifically to the active site of Fabl
without the use of enoyl-ACT. This therrmal shift assay iz a sen-
sitive flucrescence-based assay,” making it amenable to high-
throughput screening. We show that triclosan, together with
NADP, binds to SaFabl wild-type (WT) and triclosan-sensi-
tive mutant M99T, but not to triclosan-resistant mutams
A95Y, 11935, and F2045. We used the £ afarensis Fabl
(FiFabl} systein, WT and a tnclosm-resistant mutamt, o
demonstrate the direct correlation between their thenmal
shifts and eryme activities. We also show that the themmal
shift is not due to the flnorescent probre nsed in the assay. We
demonstrate that this simple and economical method, with-
out using enoyl-ACP substrate, can be used to screen for
triclosan-resistant mutants of ENR/FablL

Method and Materials

Recombinant Plasmids

The SaFabl gene (NWMN 0881) was amplified from S
arrens plNA and mnserted in a pET-15b vector o expross
repombinant His-tagged SoFabl WT. An ATFN-1257-rasistant,
but triclosan-sensitive M99T nutation™ and triclosan-resistant
rations ADFY, 11935, and F2045' were constructed with a
site-directed primer mutagenesis method.* The FeFabl mete
(FTT OTB2) was amplified from F aclwensis gDNA and
imserted in a pET-15b vextor to express recombinant His-
taggad F1Fabl WT, The ASXV mutation, a homologous muts-
tion to the E coff Fabl (EcFably (393V triclosan-resistant
mutation,™ was also constructed using the same method. All
resulting gene constructs were sequenced at the University of
llinois at Chicago Research Resource Center {UIC RRC),

Protein Expression and Purification

E. cori competent cells (BL21 CodonPlus{DEYHRIL; Zymo,
Irvine, CA) were used to express both WT and mutant pro-
teins of both 5 auress and F ferfarensis. An overmight cul-
tore (100 mL) was added to fresh Iysogeny broth meditm
(1 LinaZ28 L culmre flask). Cells were prown to an optical
density at 600 nm of 0508 at 37 "C with shaking.
Isopropyl B-D-1<thiogalacto-pyranoside was then added to
a final concentration of 0.5-1.0 mM to induce protein
expression. Cells were grown for an additional 3 h after
induction and harvested at 4 °C.

The eclls in 50 mM sodivim phosphate buffer at pH § with
300 mM NaCl (phosphate buffer) plus 10 mM imidazole and
1%5 Triton X-100 were sonicabed for 20 min on ice shory. The

mixture was centrifuged at 35,000 2 for 30 min to give cell
lysate. The lysate was loaded to a mickel affinity column
(Qingen) precquilibrated with the phosphate buffer plus 10
mbd imidazele. The Histagoed protein was relessed from the
column with the phosphate buffer plus 300 mid imidazole ad
dialyzed in S0 mbd Tris buffer at pH & with 1{0 mhd NaCl (Tris
buffer} before concentrating to ~100-2300 pM. The protein
satiples were frozen dropavise (20 pl) in liquid nitrogen amwd
stored at —B0 "C until needed. The protein purity was mongtored
with 16% polyacrylamide gel electrophoresis, and the molecu-
lar mexss of the proteins was checked with high-resolution mass
spectroametry at UIC RRC.,

The concentration of cach protein was determined from
the absorbance at 280 nm apd the extinction coefficient
derived from its scquence, with 13,410 M ! cm™? for SaFabl
WT, AUSV, MOGT, [1935, and F2045, and 17420 M eni”
for FrFabl WT and A92ZV.

Enzymatic Assay for FcFabl

The published method for the enzymatic activity of EcFabl
WT wsing crotonyl-CoA as substrate™ was adapted for that
of F¢Fabl. Briefly, FiFabl WT (450 nM) or A92YV (450 nM
and 1 puM) in Tris buffer was incubated with 250 pM NADH
and 200 uM NAD', without and with triclosan (2.5 molar
ratio to Fabl; triclosan from Sigma, 5t. Lowis, MO, 72770-
SG-F), for 5 b at 4 °C."? Sinee triclosan was in DMSO, both
samples also consisted of 1% (whv) DMS0. The relatively
long ingubation time (5 h) was consistent with the condition
used for SaFabl in the thermal shift assay to ensune the com-
plex formation among SeFabl, NADP', and triclosan. It is
known that triclosan exhibits its inhibition activity by form-
ing a tight eomplex with Fabl and NADYPY', and it is also
known that NADNP)™ itself exhibits relatively low aﬁmﬁ
toward Fabl and is in competition for the binding site.

At the end of the incubation, the mixtures were warmed to
25 °C (in about 10 min) followed by the addition of an
experimental substrate, crofonyl-CoA (200 pM final con-
centration; Sigma, C6146-5MG), to start the reaction. The
decrease in MADH concentration, upon oxidation to NADT
during the catalytic reaction, was monitored by UY absom-
tion at 340 nm { }Fﬂrn—lirﬂmmﬂjup]&t:rc&du:
[‘I.IJ::|:|:|r‘1 1 P:ﬂ:JnE]n:u:r Waltham, MA). The slope of a lin-
ear fit of Viersus tinee plot :_ﬂhmﬁ-.lmn} Wik converted
1o a rate of MADH consumed, using the MADH extinction
coefficient of 6220 M em !, Specific activity for FrFabl
was calculated as the rate of NADH consumed (pmolmin}
per milligram of FiFabl.

Thermuol Shift Assay for Binding Triclosan

Samples consisting of SeFabl (7 pM in Tris buffer) and 5=
Sypro Orange (Invitregen, Grand Island, NY) alone (con-
trol), or with only tniclosan (100 pM) {sample-T}, with only
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NADPF (200 pM) (sample-N}, or with both triclosan and
MADP* (sample-TN), wers prepared side by side, with the
same batch of protein, friclosan, and Sypro Omnge bo
reduce sample variability. The control and three samples
(sample-T, sample-N, and sample-TIN) also incloded 1%
{(¥/v) DM30 since both Sypro Orange and triclesan stock
solutions were in DMS0. Sypro Orange was supplied in
DMSO as 5000x stock solution. The mixtures were incu-
bated for 5 h at 4 °C, a5 in the activity studies. Some sam-
ples were incubated for only 30 min. In the FiFabl samples,
instead of NADP*, NAD™ was used.

The fluorescence intensity of Sypro Crange at 370 nm
with excitation at 472 nm was monitored with a FP-6200
Jasco (Easton, MD) Spectroflusrometer a5 a function of
temperature in the range of 25-75 °C. The temperature
ramp mete was 1.0 *C/min. The imtensity values were con-
veried o fractions unfolded.

A Boltrmann sigmoidal fit, modeling a two-state anfiolding
process, was applied to the data to give transition temperatires
measured by Sypro Orange (T, ™). A difference in the transi-
tion temperatures (thermal shift, .ﬂ.T,;} between control and
samples was obtained, and the AT ™ between control and
sample-TM was used to indicate 8 degree of stabilization of
Fabl upon binding triclosan and NAD(PY" to the active site
of Fabl,

Effects of Sypro Orange on Thermal Unfolding

The circular dichroism (CD) ellipticity (8} signals at 222
nm (with a Jasco J-810 Spectropolarimeter) of FrFabl and
FaFabl (15 pM) in the Tris buffer were measurcd from 25 to
75 °C with a ramp rate of 1.0 *C/min. § values were con-
verted to fractions of unfolding, with 8 at 25 °C as 0 and 8
at 73 C as 1. Again, a Bolizmann fit was applied to the data
to give transition temperatures measured by CD [Tm‘:D}.
Also measured were Fabl samples with 5= Sypro Ormange
and'or 0.1% (vAv) DMS0, We were not able to do CD mea-
surements in the presence of 1% DMS0 (as in the actrvity
agsay and thermal shift assay) due to the strong CD signal
from 1% DMBSC0. For the same reason, the CD method was
not used to monitor thermal shifts of samples with and with-
out triclosan and NAD{PY, since the samples included 1%
DMSO.,

Results

Enzyme Solution Properties

The polyacrylamide gel showed a band around 30 kDa for
each of the seven overexpressed proteins, with 30009
purity. High-reselution mass spectrometry results indicated
that the mitial methionine in the His-tag was missing in all
our proteing, and the masses were within 1 Da of the
expected values derived from saquences. For example, for

Q.30

=
]
T

0.28+

Absorbance at 340 nm

00 ©05 10 15 20 25
Time {min)

Figure |. The decrease of 250 M MADH absorbance upon
the additlen of 200 pM erotonyl-Cof by 450 nM FFabl WT
writh no triclesan {cross) and with 1,125 uM tridosan (asterisk).
Also shown are those of 450 nM Fifabl A32Y with no tridosan
[empry circle) and widh 1.125 pH oriclozan (filled drele), and an
Increased concentration of FtFabl A92Y (1 pM) with no triclosan
(empty square] and with 5 pM triclosan {filled square). The tdlope
of tha [inear fit of tw data points (LA, fAmin) was converted
te a rate of MADH consumed, using the MADH sxtincten
coeffickent of 6220 M cm™". Spectfic activities for FtFabl (WT
and A92V) were calculated e the rate of MADH consumed
{pmolimin) per mill of FFabl. For RFabl WT, the acthvity
was 0.6& pmol min mg_l, See tedt for details.

SaFabl WT, the difference between the sequence<derived
mass (30,3074 Da) and experimental mass (30,396, Da)
was —(.7 Da. For SaFabl M99T, A95V, [1938, and F2045,
the sequence-derived masses were 30367.3, 304253,
30,3713, and 30,337.3 Dwa, respectively, and the experi-
mental masses were 3036606, 304248, 30,3706, amd
30,336.6 Da, respectively.

The FiFabl WT enzyme exhibited a specific activity of
0.66 pumol min~' mg™ (Fig. 1). In the presence of triclosan,
the specific activity decreased to 0.06 pmol min mg,
with only 9% activity remaining, clearly demonstrating the
imhibitory cffect of friclosan on FiFabl. For the A92V
mutant at the concontration used for WT messurements
{450 oM}, the decreases ufﬁxm was small, making it difficult
to obtain an accurate value for inhibition (Fig. 1). However,
with the enzyme concentration increased to 1 b, the
decrense in A, ,, as a function of time was more pronounced,
and the normalized specific activity value for A92V was
0.09 pmol min™ mg". In the presence of triclosan, the spe-
cific activity was measured as 0.10 pmol min rn.g_j_ Thus,
ALV, with much reduced activity ecompared o that of the
WT., was not inhibited by triclosan.
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Figure 2. Representatire thermal unfolding profiles of SaFabl WT and M#%T samples, derived by monitoring the fluorescence
emizslen intendey of Sypre Orange ae 570 nm, with exeleation ae 472 nm. SaFabl WT (eress, left panel), witha T 30 of 40.5 *C, and
SaFabl YT Incubaced with 100 pM triclosan and 200 yM NADP for 5 h (diamoned), with a T_™ of 58,6 "C. ¥ve fni.l'ldd'ntl'ﬂ:l.lhtln:
trickosan and MADP! for 30 min (rfangle) was not sufficlent for SoFabl, and the sample consisted of two populations of SaFabl, one
without and one with triclosan/™ADF". The first transitkon temperature, 40.9 “C, was that of Safabl without triclosan and NADPT,
and the second transition tamperatura, 509 °C, was that of SaFabl with triclesan and MADP". With 5 h incubation, the transition
temparature shifted to 58.6 “C In this typhcal paired run. SaFabl M#9T (cross, rght panel), witha T_** of 39.7 °C, and SaFabl M33T

with 100 pM trickesan and 200 pM MADP" after & h incubation (diamond), with a T“’“ of 60.6 "C.
miln Incubatdon {triangle) showed two transttions at 39.8 and &| 4 °C,

The enzyme activity for $aFabl was not measured, as it
requires enoyl-ACP as the substrate, as mentioned above.

Thermal Shifts for Tridlesan Binding to Active
Site

SaFabl. The Tm""':I average valpe from thermal unfolding
profiles of $aFabl WT (Fig. 2) was 40.5 = 1.0 °C {n — 6).
With the addition of just triclosan alone, the average value
was 37.6 £ 0.9 °C (= 2), and of just NADP", the average
value was 40.2 + 1.2 °C (s = 2). Neither triclosan nor
NADF" incressed the T_*" values. For SaFabl WT with
both triclosan and NADP" (Flg. 2), the average value was
35.8 = 1.6 °C (n — 2). A thermal shift of about 20 *C was
obsarved for SeFabl WT upon addition of both triclesan
and NADP", but no shift upon addition of just triclosan or
NADP", Since the addition of triclosan or NADP alone did
not stabilize SzFabl, and only when beth were added was
SaFabl stabilized, the results, together with the lmowledge
that triclosan and NADP bind as a complex to the active
site of SaFabl™, suggest that the observed thermal shift
reflects not only binding to $aFabl, but also specific bind-
ing to the active site of SaFabl.

data from the sample wich 30

The T‘mm averape value of SaFabl M99T (Fig. 2) was
40.2 = 0.8 °C (n — 3). With the addition of just triclosan
alene, the average value was 40.8 = 0.1 °C (n= 2), and of
just NADPT, the average valus was 41.2 £ 0.1 °C (n = 2).
For SaFabl MOOT with triclosan and WAD", the avernge
value was 603 = 1.1 °C (r = 2} An approximate 20 =*C
thermal shift was observed for SeFabl M29T upon binding
triclosan and NADP". It is interesting to note that 30 min
incubation allowed some of the triclosan and NADP" to
bind to WT and M99T molecules, but not all, resulting in a
thermal shift profile of two transitions (Fig- 2). The SaFabl
WT sample consisted of two populations, one without and
one with triclosan and NADP"; the first transition was at
40.9 *C, representing the thermal transition of the WT with-
out triclosan and NADP, and the second transition was at 60.9
*(, representing the thenmal transition of WT stabilized by tri-
closan and NADP*, Similarly, for M99T, the triclosan-sensi-
tive mutant, we also found & tansition at 398 °C and anothar
transition at 61.4 °C (Fig. ).

The Tmso average vahwe for A95Y (Fig. 3) without triclo-
san and NADP" was 30.4 + 0.2 °C (n = 3), quite similar 1o
that of the WT (Fig. 2), and with triclosan and NADP™, it
was 40.3 £ (L1 *C (n=2). No thermal shift was observed for
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Figure 3. Rapresentative tharmal unfolding proflles of SaFabl APEY, 11935, and F2045 amples, derived by monicoring the
fluorescence emisslon Intensity of Sypro Crange at 570 nm, with excitation at 472 nm. SoFabl A5V (oross, left panel), with a Tr.mI

of 39.3 °C, and SaFabl A5V Incubated for 5 h with 100 pM triclosan and 200 pM NADP* (spen diamond), witha T

of 40.1 "C.

SaFabl 11935 (cress, middle panel), with a T_ of 40.3 °C, and SaFabl 11935 incubated for 5 h with 100 uM triclosan and 200 uM
NADF" (opan diamond), with a T_°C of 40.3 °C. SaFabl F2045 (cross, right pansl), with a T_°° of 41.2 “C, and SaFabl F204S Incubated
for 5 hwith 100 uM ericlosan and 200 uM NADP" (open dismeond), with a T_* of 41.0 °C. No thermal shift was cbserved for SaFabl

ABEV, 11935, ar F2045 mutants.

SaFabl AQSV. Similarly, the average value for 11938 (Fig.
3) without triclosan and NADF was 403 £ 0.0 *C (n=12),
and with triclosan and NADP™, it was 40.2 = 0.1 °C (n=2).
No thermal shift was observed for SaFabl 11938, The aver-
age value for F204S (Fig. 3) without triclosan and NADP*
was41.1 + 0.1 °C (n = 2}, and with triclosan and NADP", it
wes41.2 £ (.1 °C (r = 2). Mo thermal shift was observed.
Our results showed no binding of triclosan and NADP" to
SaFabl mutants A95V, 11935, and F2045.

FtFabl. The Tms"-'I average valoe for FiFabl WT (Fig. 4) was
5312204°C (n= 4;;3“'“1 the addition of just triclosan
alone, the average T ™ wag 523 + 0.0 *°C (n = 1), and of
just MAD", the average Tms"JI was 524 +09°C (n= %g For
FtFabl WT with triclosan and NAD", the average T_* was
60.2 £ 34 °C (r = ). About 8 7 °C thermal shift was
cbserved for FrFabl A similar thermal shift was observed
{60.8 £ 0.5 °C; a=}) for samples meubated for 30 min, The
average value for A92V without triclosan and NAD" was
51.7 = 0.5 °C (n = 3), and with triclosan and NALD", it was
521 £ 0.1 °C (m = 2). No thermal shift was observed for
FtFabl A92V, Together with the enzyme activity values
{Flg. 1), we showed that, using the FrFabl system, the ther-
mal shifts and the actrvity decreases upon addition of triclo-
san and NAD" are well correlated. Triclosan and NAD*

together stabilized FrFabl WT to increase the thermal tran-
gition temperature by 7 °C, and inhibited the enzymatie
activity by 91%. For FrFabl A92V, no thermal shift was
ocbeerved, and there was no change in the residual eney-
matic activity in the presence of triclosan and NAD™, Tt was
interesting to note that, unlike in the SeFabl system, 30 min
incubation of triclosan and NATY with FiFabl was suffi-
cient to fully stabilize FiFabl WT (Fig. 4).

Sypro Orange Effect on Fabl Stability

Since we usad Sypro Cirange to report the thermal unfold-
ing, we investigated whether Sypro Orange in DMSO
affected the thenmal unfolding by using CD to monitor the
unfolding of Fabl with and without 3% Sypro Orange in
DMSO (0.1%, wiv). Due to a large CD signal for DMSO,
we uzed only 0.1% DMSO0, rather than 1%, as used in the
T, studies. Enzyme activities with and without 1%
DMSO were about the same. FrFabl WT without DMSO,
with 0.1% DM30, or with 0.1% DMS3Q and 5= Sypre
Oranpe revealed similar thermal unfolding profiles of sec-
ondary structures (Fig. 5). The T_“? average values for
samples without (n = 3y and with (g — 2) DMSO (0.1%)
were both 37.7 £ 0.1 °C, and for samples with 0.1%% DMSO
and 5» Sypro Orange, the value was 364 £ 02 {n = 2.
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Figure 4. Representative tharmal unfolding profiles of FtFabl YWT and A2V
amission Intensicy of Sypro Orangs at 570 nm, with excitation at 472 nm, Tha T

as, dertved by monttoring the flucrescance
of FiFabl ¥WT [crose, laft panal) was 53.2 "C, and

of FeFabl WT with 100 pM tridosan and 200 pM NAD™ after 30 min Incubation Ttriarqie], It was 80.3 "C, and after 5 h {damand),
616 "C, For A92Y Fifabl (cross, rght panel), the Tmm was 51.8 "C, and for A%2V FFabl wich 100 pM triclosan and 200 M NAD®
after 30 min (trlangle), it was 51.0 °C, and after § h (dlameond), 521 *C.

Similar profiles, except shifted to lower temperatores, wene
observed for SeFabl WT, with a "['m':l:II of 43.7 2 0D °C (n=
2}, For SaFabl WT in 0.1% DMSO, the T_™ was 43,6 0.0
(n= 2), and in 0.1% DMSO and 5% Sypro Orange, the T_“"
was 42,7 = 0.0 (m — 2). Little DMSO or 5= Sypre Orange
effiect was observed.

The T_" and T_% values of the same sample differed
glightly since the two methods measured slightly different
unfelding events, with the CD reporting the unfelding of
the secondary struciures and the SO reporting the exposed
hydrophobic moieties during unfolding.

Discussion

When Sypro Orange is added to imtact protein in solotion,
which has little hydrophobic moieties, it exhibits little floo-
rescence intensity. However, when protein is thermally
unfolded to expose hydrophobic moieties, Sypro Orange
molecules around thess moieties exhibit fluorescence inten-
gity.® By following Sypro Orange fluorescence intensity in
a protein sample as a function of temperature, protein
unfolding profiles with characteristic transition tempera-
tures are obtained. Since compounds binding to a protein
molecule lower the free energy of the sg.rstem__.ﬁ Sypro
Orange has been widely nsed to track the stabilization of a
protein moleculs due to compound bind.ing.n'”m

We showed that we may use this principle to determone
whether triclosan and NAIVP' bind to Fabl mutants. The
charmetenistic transition temperaturs in thermal unfolding of
SaFabl WT in Tris buffer was abeut 40 °C. The tempemturs
did not <hange upon addition of just wiclosan or just
NADP*. However, SaFabl WT and M99T were stabilized
by the triclosan and NADP* with the transition temperature
shifted about 20 “C. For known triclosan-resistant mutants,
ADSY, 11935, and F2048, no thermal shift was observed
upon addition of triclosan and NADP*. It should also be
moted that all SaFabl samplas, WT and the mutamts, exhib-
ited similar transition temperatures (~40 *C) in the absence
of trickosan and WADP®. Since the thermal shifts were
obseryed only when both triclesan and MADF wers pres-
ent, but not when only one was prasent, we suggest that the
binding we observed was the active site binding observed
I:u'wlfr'.r'u::;us]y_x|

To demonstrate that the active site bindings indicated by
thermal shifts are related to enzyme activities, we used the
FtFabl system. The transition temperature for FrFabl in Tris
buffer was about 53 °C, but shifted to 60 *C upon addition
of riclosan and NAD™. We also showed that the specific
activity for FiFabl was inhibited by triclosan and NAD".
We further showed that a FiFabl triclosan-resistant myutant,
ATV, with much reduced specific activity compared with
that of the WT, was not further reduced upon addition of
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active site of ENR/Fabl enzymes, but not 1o a triclosan-

1.0 resistant mutant. Thus, the method can be applied to Fabl

i systems that require ACP-linked substretes without the

o nced for the substrate to assay for activities. We have shown

% 0.8 the lack of a thermal shift in a triclosan-resistant mtant.

= This approach offers a quick and comvenient method to

I:E‘ 0.8 scrcen for triclosan-resistant mutations in ENE/Fabl. This

= approach mey also be applied to other antibiotics. In addi-

= 04 tion, it may also provide mechanistic ingights into inhibition

%’ by sudying the kinetics of the binding of triclosan to ENR/
E 0.2 Fabl.

e
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Figure 5. Rapresentativa thermal unfolding profiles and T
values derived by monitoring the CO signal at 222 nm from 25
to 75 °C of IS5 yM FRabl WT with no DMSO (ampty eirda), T
=57.7 & O °C; with 0.1% DM3O (hal-filled cirds), T, = 57.7
+ 0.1 °C; and with 0.1% DMS50 and Sypro Orange (filled circle),
T, =564 £0.1°C and |5 uM Safbl WT with no DMS0O
(empty square), T_ = 43.7 £ 0.0 °C; with 0. |% DMS0 (half-filled
square], T = 43.6 + 00 °C; and with 0.1% DMS0 and Sypro
Ovrange (filled square), T =427 + (.0 "C. These results show
little CMSO (0.1%) or Sypro Orange effect on the thermal
unfielding of elther FtFabl or Safahbl.

triclosan and NAD". This mutant exhibited little thermal
shift upon addition of triclosan™NAD™ in its thermal unfold-
ing profile.

It was interesting to note that a 30 min incubation period
was sufficient to fully stabilize FFebl WT with triclosan
and NAD". Howaver, the unfolding profiles of SaFabl WT
and M29T samples with 30 min incubation clearly showed
incomplete stabilization compared with those of 5 hincuba-
tion. These results suggest different binding kinetics, imply-
ing that this method may also provide kinetie information
on active site binding of triclosan and NAD(P)".

In this study, we used Sypro Orange thermal shift on
purified protein. With the recent development of cellular
thermal shift my:m it is certainly possible, using the
principles discussed in this work, to apply cellular tharmal
shift assay on cells to screen for triclosan-resistant ENR/
Fabl mutants of species requiring enoyl-ACP-linked sub-
strate, Thiz method may also be used to select effective tri-
closan analogucs that, together with NADYP), bind to the
active site of EMR/Fabl to inhibit the enzymatic activity,
and thus inhibit cell growth.

In summary, we have shown that the Sypro Orange—
based thermal shift binding assay, with fluorescence sensi-
tivity, can be used casily and relsbly to show the binding of
the antibictic triclosan in the presence of NADYPY to the
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N*carbocy -amine-irmidarole ribooucleatide (N -CALR] omutass (Purll), a bacterial enzyme in the de nevo
purine bissynthetic pathway, has been sugzested to be a target for antimicrobial agent development We
hawe optimilzed a thermal shift method for high-throughput sareendng of compounds binding te Bodfus
arthrocts Purk. We used a low fonic strength buffer condltion to accentuate the thermal shift stabilization
induced by compound hinding to Badihe anthrocs Pucl, The compounds identified were then subjected
to computational decking to the active ste to further select compounds likely to be inhibitors. A LA-
High throlighge sessning based enzymatic actlvity assay was then used to select Inhibltory compounds, Minimum iIntdblory con-
e merws purine Mingynthesls centration (MIC) values were subsequently obtalned for the Inhibltory compounds against Bodffus
ParE ot [ AMME strain), Fscherichan cofi (B 25113 steadn, wild-type and ATaICY, Franciselfa tubarerisis, Sta-
Thermal shift astay phviococas aerers (both methicilin swocptible and methiclio-resistant straios) and Yersimo pests. Sew-
Sypro Drange eral compounds exhiblited excellent (D5-0.15 pgfmL) MIC valwes against Bodfus anthrocs, A commeon
2-Carbeoa mide-1 3 A-oxadlazele core structure was ldentified for the compounds exhiblting 1ow MIC values. The difference in concentra-
tians for ichibition and MIC suggest that another enzyme <) is also tangeted by the componmds that we
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1. Introduction

Among bacterial pathogens, an increased conoern exists for
organksms that can be used for bloterrorism, such as Bacillus

Abbweviotiens: fs, LIV absarbances at 360 nme AR, S-amino-imdlazole riban-
dlentide; B, Bodffe materods (AANE sirain); CAIR, 4-carbemy-2mine-imidaes e
rbonnclentde; OO, drmilar dlchmlsm; DMSO, dimedthyl solfadde; £ ol ATolC,
E ooli efflux pump knedeout strain; G5T, glitathione-S-transferme; iPu, himan
enzyme omaining a Purk domain, abo koivwn @ AR carboylase; HTS, high-
thromghput screeming; LC1-6, compuound names; MBC, minimum bactericidal
oom centration: MIC, minimism inhibitery concentration; MESA, methicillin-resis-
tamt Simpeplocooris oureus; MSSA, methicllin-susceptible Stapdrlconcus aunis
NSCAIR, N*-carboxy-amino-imidazole dbormdestde; MAR, 4-nitro-S-amine-
imidazale ribonodentide; PBS, 5 mdd phasphate boffer with 150 mb Nall at pH
7.4; RAC, Research Resomree Center; Purk, N¥-carbesy-aminedmidamie ribann-
deatide mutase; T, Boltzmann transition termperature in thermal anfoling: T="
the awerage Ty valoe of BoParE; T, the average Ti; walue of replicte mns of
BaPurE with a partirmlar compannd adeled; ATy, T ™ — T Tris-25, 25 mM Tris
bffer at pH B: Tris-50, 50 mM Tria buffer at pH B: UIC, University of Dlinck at
Chi 1
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anthraeis (B anthrods), which causes anthrax infection, Due to con-
stant bacterial mutatdons, with some muotations leading to drog
resistance, new antibiotics are urgently and constantly needed.

In many bacterial species [(Including & anthrack) the de move
purine hingynthesis pathway enzyme Purk (alzo knowrn as No-car-
boxy-amino-tmidazele ribonucleotide [N*-CAIR) synthetase) con-
verts S-amino-imidazole ribonucleotide (AIR) to M3-CAIR. PurE
(N5-CAIR mutase} then conwerts N-CAIR to d-carboxy-amino-
imidazole rbonucleotide (CAIRL' Figure 1 in Ref. 1 and Figures
1 and 2 in Ref 2 show the pathway and structures of molecnles
imvalved. In humans, the enzyme In Step 6 of the pathway (hPung,
alsp kmown as AIR carboxylase or Pur 1.° or phasphoribosy-
lamineimidazole carbonylase;® an enzyme containing a Purk
domaln} converts AIR and O0; to CAIR directly.® The architecturs
of the active sites of bacterial PurE and the PurE domain in hPuré
are nmearly superimposable, and yet despite these conserved fea-
tures, blochemibcal studies have shown that both enzymes are
highly specific® Subsequent studies have shown that bacterial
PurE has the pobential to be a target for new antibiobic
development™
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Hgure 1. A typical run of thermal unfolding of BePucE (10 pM] in paired samples
{with 100 pM NAR—filled symbals, or witho—empdy symbols), monliooed by
fluorescence intemsity of Sypro Orange (5= flnal concemtation] at 563 nm
{encitation at 430nm} shows a 5.0°C difference in the tansiion temperatures,
AT, In Tri-25 {25 mM Tris at pH &0} [A), The |ndidwal T, valnes wem obiaining
from fiting a 2-state unfalding medel (salld Hnex), wsing ondy esuls when
fuorescenee iniensities were increasing with inmeasing temperatures, 1t §5 an
indication of protemn apEregation when foorescence inbtermaity decreases as
temperatune increases.”* The sverage AT, in Tris-15 was 52 C {m=2L A AT, of
1.0 & shown for one sample of NAIR in Tris-50 (30 mM Tris at pH 800 (BL The
vErage AT in Tris-50 was 1.7 °C (=6} Also shown in the Agoe are results of
asmples iwithout BePasE, But with only Sx Sypee Orange {2 or with 10 mM MAIR
il B Suspern Orange (*), & hibiting Bitde fhisvescence Sgnal. The [ow waic strength
Eruffer comdition {Tris-25} accentuates the thermnal shift of BaPurE upon compound
Binding.

1IIII!I:I
Gompond Nurmber

Agure 2. The thermal unfislding trarmsitien temperatomes of BrPurE In the presence
of compounds from an antibacterial fecused chemical library {34,017 compounds}
(TEF]in Tris-25, of replicate mms (« for rum 1and * far run 2} The Ty valne of BrPorE
without a compeming (T was 47,6 °C £ 06 °C (n = 4878] and Is shown as a short
dash on the left (noted with an amow undemeath the dash) Ten thosand and
minesteen | 10,019] componmeds exhibited replicate 75 valoes that were within 1.0°C
of mach ather. Five hundred and twenty fve (525] campemnds with AT, (75 —47.6)
in the range of 1.0-3000 =C were selected as hits. See text for detaila

In this stwdy, a Aoorescence-based” thermal shift assay™ was
applied to B. anthrack PurE [BaPurE} fior high-throoghput screening
(HTS) to Identdfy molecules [hits) that bind to BaPurk In silico
dockdng was used to select those most likely to bind to the acthve
site. The top scoring molecules were then assayed for Inhibibory
activity toward BaPurg. A few selected mhibltors were used to
obtain the minimum inhibiden concentration (MIC) againse B
armthracis [AANR strain) Escherichin ¢oli [both the wild-type
PW25113 strain and a strain with a TolC efflux pamp knock out—
E eali ATalC™), Francizella niarensis (F. tubaremsic], Sraphylococous
aeereds (5 ourens; both methicillin-susceptible (MS5A) and methi-
dllin-resistant strains (MRSA)L and Yersinio pestis (Y. pestis), MIC
valoes agaimst B, amthrads of 0.5-0.15 pgfiml were obtained for
several compounds. A common core struciore was bdentified for
componnds with 1o MIC values, The difference in concentratons
for inhibidon and MIC suggest that other proteinjenzyme maole-
cules are also targeted by the compounds that we ldentified.

Z Materlals and methods
2.1, Chemicals

All materials were purchased from Fisher Scientific (Ham ptorn,
NH} unless otherwise nobed.

2.2 BaPurE plasmid

The BaPurE gene (BAOZES} from B, anthracis [AAMNR) cell s [Gen-
Eank: AEO17334.2)was inserted Into a Gateway pDEST-15 plasmid
(Ufe Technologles; Grand [sland, NY) to express an N-terminal glo-
tathione-S-transferase (G5T) fusion probein, with a linker between
G5T and BaPuwrE. Inm the linker sequemce (FWSMQTSLYK-
KAGSLYPRGSH] a thrombin cleavape site (the onderlined residues})
was Included The plasmid was transformed inte E. colf BL21-
CodonPMus (DE3) competent cells (Stratagene; Santa Clara, CA)

23, Expression, purification and characterization of BaPurE

Cells were grown in a fermentar (Bioflo 110; New Brunswick
Scientific, Enfield, CT) containing Terrific broth (2 L) with ammpi-
dllim (0.3 mM) at 37 *C for 3 h and reduced to 25 *C for Sopropy-
Ithio-p-galactoside (1 mM; Gold Biotechoology: 5t Louis, MO}
Induced protein expression for 4 h. The GST--BaPurE fuslon protein
in 5 mM phosphate buffer with 150 m NaCl at pH 7.4 (PBS) was
purified with a glom@athione affinicy colummn (Sigma; St Lol s, MOY,
following standard precedores'®'! Bowvine thrombin (Biopharm:
Eluffdale, UT) was used to cleave the fusion probedn (1 unit throm-
bin for 1 mg fuslon proteln) GST and omcleaved fusion protein, I
amy, In the mixtoure were removed with the affinity column again,
to give BaPurB. An extinction coefficient of 11,480 mal~" em-?,
obtained from the amine acikd sequence, was used to determine
proteln concentration for the monomer. The integrity of the pro-
tein was checked with sodlum dodecy]l solfate polyactylamide
gel electophoresis and  high-resolutionf/high-mass  mass-spec-
trometry, using a LTQ-FT spectroneter in the Research Resources
Center at the University of lllineis at Chicago (UIC), The BaPurE
sample was concentrated to 150 pM (2.6 mgfml) and frozen drop-
wise, about 20 pL per drop, n liguid nitrogen for storage at 80 °C,

We selected the GST fusion protein over the commonly wsed
His-tag fusion protein to prepare BaPurE b avoid introdudng high
concentrations of midazole, a heterocyclic compoond somewhat
similar to the substrate, which may be dificult to remove from
the protein. Addidomally, a His-tag BoPurkE protein was inidally
prepared by standard procedures'® in S0mM Tris buffer at pH
7.8 with NaQl and imddazole, 500 mM each. However, following
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dialysis of protein (at a concentraton of 50-350 pM or 1-7 mg/
mL] in S0mbd Tris buffer ar pH 7.8 with MaCl and imidazale,
50 mM each, only about 20 protein remained soluble,

The aligomeric state of BaPurE in solution was determined by
gel filtration with a Superdex 200 GL column and an FPLE system
[AKTApurifier, GE Healthcare Life Sdences; Pittsburgh, PA). A
calibration curve of molecular mass and elubion velume was
obtained with ferritin aldelase, conalbumin, chymotrypsinogen
A, ribonucleate A and blue dextran (GE Healthcare Life Sciences L

The secondary strocture of BaPurk (25 pM} in PES buffer or Tris
(25 mM} buffer ar pH 8 (Trs-25) at 25 °C was determined from dr-
cular dichroism ({D) spectra obtained with a D spectometer
(Model B10: jasco; Oklahoma City, OK), and K2D3 sofrware
(hip:/k2d3.ogicca; ™). The secondary structure from the X-ray
structure (PDB code: 1XMP,' *] was obtained for comparison, using
POBsum {hiip: | fwwr.ebl.acuk/pdbsumf; ')

2.4, Enzyme activity

The pablished method for amaying PurE' was applied to
BaPurE, Briefly, the conversion of CAIR to N3-CAIR in this reversible
reaction of PurE was monitored by measuring the UV absorbance
at M60 nm (Aygy) for 1.5 min at 20 *C. CAIR was prepared in house
following published methods'® imvolving the ose of LOH to
saponify aminolmidazole-d—carboxamide riboouclectide to give
CAIR in high yield (85%) and purity (959%), The K. value for CAIR
in BaPurE was determined as 9.7 pM. The reported K, value for
CAIR in E. ¢oli PurE under their experimental condition is reported
as 22 puM™ or 36 phL'® The CAIR stock solubion (5 mbM}was pre-
pared Im SO0mM Tris buffer at pH 8.0 (Tris-50) and stored at
—80*C in 100pl portions, and a working selution of CAIR
(B0 pM), prepared in Tris-25, was stable with no change in Azan
for at beast 2h For the assay sample, equal volumes of BaPurg
and CAIR were mixed to give 10 nM BoPuwrE and 30 M CAIR in
Tris-25. Assay samples conslsting of 10 pM CAIR were also pre-
pared. Dimethivl sulfoxide (DMS0, 1%) was included such that the
samples were similar to those used in enzyme inhibidon assays
(Section 251 The linear portion of the Auss veTsus dme plotwas fit-
ted to give a Adzse/Ar value (the initlal rate) (see Fig. 4, for exam-
ple). CAIR concentration was calculated from a Aggg of
8530 M " ern """ and was used to determine the specific acthity,
which was defined'® as the disappearance of 1 pmwl of CAIR in
1 min with 1 mg of PurE (unit/me). The Agg, was used since N5-
CAIR in addic pH is5 known to undergo auto-decarbonylation to
form AIR, but the rate of the decomposition is minimal at pH 8.0."*

2.5. Optimizatlon for thermal shift screening:

Sypro Orange | invitrogen; Life Technologies: Carlsbad, CAY, used
for thermal unfolding.” was supplied as a 5000 stock solution in
anhydrous DMSO, and stored in a desiccator at 4°C. The hygro-
scopic DMS0 absorbs moisture during the freeze—thaw prooess,
and when DMS0 contains more than 5% water, it does not freezs
at 4°C* This, we minimized the aumber of freeze-thaw cycles
of the stock solution, and discarded stock samples when they
became licuid at 4*C.

The inidal studies for optimizing the conditioms for thermal
unfolding of BoPurE to be used for high-throughput asay wers
muonitored with a fluorescence spectrometer (Jasoo FP-6200), with
Sypro Orange excliation at 490 nmm amnd emission at 563 nm. The
buffer conductivity valies were measured with a conductivity
meter (Yellow Springs model 31; Yellow Springs, OH) to ersure
consistency In buaffer conditions with different preparations. The
conductivity value of Tris-25 was 1200 uMHO; for Tris-50 it was
2600 pMHD: and for FES It was 13,000 . The flusrescence
emission intensities for samples of BaPurE (10 b)) in di ferent bruf-

fers with 5-15= Sypro Orange and 1% DMS0 were measured from
25 to 75 °C. A dmown nhibitor, 4-nitro-5-amino-imidazole dbono-
clegtide [MAIR)," at 100 pM, was used to evaluate whether the
compound-binding-induced stability in BoPurE was detectable by
the thermal shift method, Samples without BafurE, but with anly
Sypro Orange and MAIR, or with only Sypro Orange were also pre-
pared. NAIR, also called NOs-AIR,'? was synthesized in house as
described?® The thermal unfolding data were fitted to A two-state
trapsition model to give Boltzmann ransibdion temperatures,

2. 6. High-throughpast thermal shift screenlng

BaPurk samples from different preparations, a total of about
100 mg, were combined and dialyzed In the buffer identfied in
aptimization studies (Tris-25; from Sectian 3.2). An antibacterial
focused chemical library of 24,917 compounds (Life Chemdcals;
Burdington, Canada)™ was screened. Compounds (10 mM Jin anhy-
drous DMS0 were stored in 384-well plates at —80 *C with desic-
cation. All compoments (10 pM BaPurE in Tris-25 with 5= Sypro
Orange, 3 condition determined from the results obtained in opti-
mization studies (from Section 3.2}, 100 pM compound and 1%
DMS0) were delivered to each well In the 384-well white plates
[ ABgene SuperPlate, Fisher Thermo Scientific) by a liquid handling
system { Preedom Eva, Tecan; Mannedarf, Switrerland). A tokal of
78 plates were used per run, and replicate runs were done, For each
plate, 32 wells were reserved for samples (1) with only Sypro
Orange and DMS0 (no BaPurE and compound) to monitor the back-
ground Auorescence, and (2) with BoPurE, Sypro Orange and 1%
DMED [ no compound ) to monitoer signals from the control samples.
For two plates 32 wells were reserved for samples with 100 M
MAIR, as positive control. Plates were covered with plastic Alm
[Applied Bicsystems, Foster City, CA) and stared at 4°C.

The first plate, within 10-30 min after it was prepared, was
removed from storage and placed in a RT-PCR instrurment (WiiA7
RT-PCR; Applied Blosystems, Carlsbad, CA) for thermal unfolding
measurements over 4 kemperature range of 25-95 °C at a rate of
0075 °Cfs. An instrument filter with emission at 586 + 10 nm and
excitation at 470+ 15 nm was used. The measurements were done
contiruously. A replicate run followed immediacely afver the frst
run, All operations and measurements were done in the Research
Resoonrce Center (RRC) at LIC

The thermal unfolding profiles were analyzed with the Protein
Thermal Shift Software [Applied Blosystems) to determine the
Bolzmann transiton temperature, T, Compounds with T, values
inreplicate runs that differed by maore than 1.0 °C were eliminated,
since our standard deviation values for T values of BaPurE was (LG
(n=4878; from Sectlon 3.3% The average T., value of the control
(BaPurE} (T and the average value of replicabe runs of com pound
(TE) were used to determine thermal shift values (AT, = 185 — TEL
Hits were defined as those with 1.0°C < AF, < 2000 *C, We used
2000 °C as the upper cut-off since most of the thermal shift values
in the literature are less than 20 “C (e, 251 The thermal shift
value for our positive control (MAIR) was 5.6 °C (from Section 3.3
This selection criterion may obviowsly eliminate a Fraction of male-
cules that bind to BePurE, but i5 more dme and cost efficlent as
well as providing more reliable hits.

The "-factor® used to evaluate the quality of the thermal shift
assay was determined from the average T, values of BaPurE, in the
absence (T} and In the presemce of 100 phi MNAR {TE (MAIR)), and
their corresponding standard deviation (SD) valses, as 1-3 (TES
(MAIR)+ TEY(SD {MAIR) — 5D (BofPurE)).

2.7. Docking to acthe site

The SMILES strings of hite were converted, osing LigPrep
(Schridinger), to their 100 most energetically and stouctarally
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favorable structures. All structures were also clustersd and select-
ed with Camvas (Schridinger) for stroctural diversity. GOLD v5.0.1
(Cambridge Crystallographic Data Centre; Cambridge, United King-
dom) was used for docking the soructures of each compound to
PurE. We did not use the published strocture of BaPurE (PDRB:
1XMP) since [t does not contain a ligand. instead we used the struc-
ture of E coll PurE with AIR (PDOE: 107AL with AIR removed. The
AR binding site was assunwed to be the actve site, or part of the
active site, and a binding site sphere with a radkus of 10 A centered
an AIR was wsed, Standard default settings were used for other
parameters, such as full solvadon, retaining the three top solutions,
and no farce constraints

2.5. Enzyme Inhibiton

Each compound (20 uM) and BaPur {20 nM) was incubated in
Tris-25for 1.5 minat 20 °C, followed by addithon of an equal volume
of CAIR to give an assay sample conslsdng of compound {10 ph),
BoPurE (10 nM ) and CAIR (30 pM) in Tris-25% with 1% DMS0. A con-
trol sample {withoat the cormpound ) was prepared in parallel Assay
samples with CAIR concentraton the same as compound concentra-
tion [10 pM] were also tested. A, was measored as a function of
tirmee, and BaPurkE activity i nhibitiorns were determined as [(activity
with compound )/{activity without compound ] = 100].

Only compounds with masses validated by mass spectrometry
analysis were used. To avold compound aggregathon and stabilicy
problems due to Feeze-thawing”™~® the compounds in DMSO
weTe stored at room temperature under desiccation. We noted that
some compounds precipitated out when pipetted into Tris-25;
thote were eliminabed from further study. Compounds in Tris-25
that exhiblted mcreasing or decreasing Aza readings as a function
of ime were also eliminabed. No particular achons were taken for
those compounds exhibiting a constant Azey value since the
ahsorption only added to the baseline. Triton X-100 {D.01-0.1%)
was Included In some assay solations to check for compoumd
aggregation induced inhibdtion. Compound concentradon of sbock
solutions was determined by weight and volume, which may intro-
duce uncertainties.*

2.%. Minimum inhibitory comcentration (MIC) and mimdmuem
bactericidal concentration (MBC)

MIC was determined as in prior worke™ Briefly, the MICs of
compounds were tested aganst B anthrocts (AANR strain), E ool
(BW25113 strain, WT and ATolC), E adarensis (BEIJATCOC: UTAH
112}, twa strains of & gursirg, one rmethicillin-sensitive [ATCC:
25213) amd one mecApaogitive. methicilin-resistant  (ATCC:
433007 and Y. pestis (BEIJATCC: A1122)% LB medium was added
to each well in a row of a sterile 06-well flat bottom Hsswe colture
plate, with 96 L to the first column and 50 pl to all subsequent
wells. The inhibitors to be tested were added to the first column
to give a final well yvolume of 100 pL Inhibitars were then serially
diluted [I-fold} across the columns of wells by pipetting and mix-
ing 50 pL of solution. The extra 50 pl was discarded from the final
well. Ciprofloxacdn, a commercial antibiotic used for the treatment
af a number of bacterial infections, was used as positive contral in
these studies. Prior to setting up the MIC plates, the appropriate
bacterial cultures were grown to mid-log phaze and subsequently
diluted to an optical demsity reading at 800 o of D004 with fresh
LB mediom, This bacterial dilution (50 pl) was added to each well
of the plate, and the plate was then incubated at 37 *C overnight
without shaking. For each inhibitor the first clear well with mo
sigms of visible growth was reported as the MIC valoe. All MIC
values werne confireed by at least two independent titrations,

MBC values were estimated using the standard method of festing
all pegative MICwells (no visible growth jfor evidence of viable bac-
teria by transferring an aliguot of MIC dilution culture mwedia to
antiblotic-free agar plates. Medium (100pLl) from each negative
[clear) well in MIC assays was streaked onto LB agar plates, and
the plates were incubated for 72 h for detection of bacterlal growth
The MBC of an Inhibitor was defined as the highest MIC assay
dilution that resulbed in no growth of backeria during this sub-
cultivathon, Bactericidal activity was defined as an MBC/MIC ratho
&4 Since the highest compound concentration tested was 115
pug/mL, dear statements about bacteriostatic versus bactericidal
activity conld only be made about inhibitars with MICs ££3.13 pglmL

3. Eesulis
3.1. Protein properties

About 15 g of oclls were obtained from 2 L of medium, and
about 0.5 mg recomblinant BaPurk (*85% pure) vas obtained from
1 gaf cells with 80-90% purity, as indicated by sodium dodecyl sul-
fate gol electrophoresis. Mass spectrometry results showed a mass
of 17,3221 Da, with the ecxpected mass from sequence of
17.322.9 Da, confirming the integrity of BaPurk. In PES, the proteln,
up b0 ~1.7 mM (~ 30 mg/mL), remaimed soluble in its native form
as an octomer, as indicated by the hydrxynamic mass of
149 kDa from gel filtration measurements

(D spectra of BoPurk in PBS and in Triz-25 at 25°C showed a
secondary structure with about 24% beta sheet amd 32% alpha
helix, indi cating well folded protein samples, Slightly higher helical
and lower sheet contents were obtained for buffers with higher salt
concentrations (Wolf and Fung, unpublished data). The secondary
structure content calculated from the X-ray struchure (PDB:
1XMPF) 5 15% beta sheet and 45% alpha helix

For enzynwe activity, the average Adge At value in Tros-25 at
20°C was 0.0115+ 0.0012 (n=21) o give a specific actvity of
7508 unitfme. The walue waried in  other  buffers:
106 £ 1.6 unit{mg {n=13) in Tris-50, and 124 £1.3 unitfmg
[m=24% in PBS These values differ from those of Purk from other
species under different solution conditions '™ '

3.2, Optimal conidition for thermal shift saoreening

Sypro Orange at Sx concentration with or withowt NAIH, but
with no BaPurE, exhibited little changes in the floorescence inten-
slty as a fonction of temperature In elther Tris-25 (Fig. 1A) or Tris-
50 (Fig. 1B). In Tris-25, a typical thermal uafolding profile of
BaPurE {10 pM] with 5= Sypro Drange and 1% DM50, showed a
prominent therrnal transition, with a T value of 456°C, and
was shifted to 50,6 °C in the presence of NAIR (100 pM}, to give a
change in the T, value [AT,} of 5.0°C for this particular run
(Fig. 1A). In Tris-50, the 5, value was higher (50.0°CL but was
shifted only ta 51.0°C in the presence of NAIR to give a AT, of
1.0°C in this paired un (Fig 1B). The average therrmal shift for
MAIR in Triz-25 was 52203% (n=2) and in Trs-50 was
1.7 20.9 *C (n = 5}, Thus, BuPurE in Tris-25 exhibited a larger ther-
mal shift than in Tris-50, and Tris-25 was selected for HTS. Three
Sypm Drange concentrations, 5x, 10 and 15x, yielded satisfactory
thermal unfolding profiles for BaPurE in Tris-25, and the lowest
concentration, S», was selected for HTS.

3.3. High-throughput thermal shift screening
From the conditions identfied above, the high-throughput

thermal shift screening samples consisted of BaPurE at 10 pM in
Tris-25 with 5 Sypro Orange and 1% DMS0.,
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From HTS thermal shift measorements, the awerage T was
found to be 47.8+03°C (n=32) and the TE [NAIR] was
534 +0.5°C The Z'-factor was calculated as 0.57, Indicating the
set-up provided reliable thermal shift results,

The average 75, obtained from all the control wells in all plates,
was 47 62 LB *C (n=4878) (Fig. 2} For the samples with corn-
pounds (24,917 compoonds) (Flg. 2}, 10,019 samples displayed a
difference in T < 1.0°C between replicate runs, and were mwed
For further analysis. The remaining samples (14,208 samples) were
eliminated. Based on the T, selection criteria for hits discussed n
Section 26 as 1.0°C < ATy, <200 °C, compounds exhibidng AT,
[=TE — 47.6) values outside the range of 1-20 "C were not consid-
ered. Thus 197 samples with negative AT, 9257 with less than
1*C in AT, and 40 with AT, larger than 20 *C were not oonsidered
Further. The remaining samples (525 compounds) satisfied the
selection criterla,

3.4, Active site doddng selection

The docking of 525 thermal shift hits o the AIR binding site
sphere yielded 79 compoumds with GOLD docking scores greater
than or equal to 55. Both CAIR and NAIR gave a docking score of
56, Conypound diversity selection [discussed in Section 2.7) further
narrowed the list o B0 compounds. Twa of these compounds are
shown In the active site, with AIR In the center of the cavity
(Fig. 3k The active site appears to be relatively open and spacious,
with ample space for a hit to bind With one of these hits in the
active site, the substrate NCAIR (similar in size to AIR) wouald
be blocked from entering the active site.

3.5. Inhibition activity

Of the 60 selected compoumnds, 16 compounds, at 10 pb, exhib-
ibed 6% to 2TH inhibition of the activity of BaPurE {10 nM) in Tris-
25 at 20°C (Tables 1 and 3% We found that the inhibidon values
did not depend on whether 10 or 30 pM CAIR was used. [na typical
paired run under the same condition, the known inhibicor NAIR
reduced the activity by 21%, whereas LC1 inhiblted by 30% (Fig. 43

The mhibition assay results of samples with and without 0.1-
0.01% Triton X-100 were generally similar. Por example, for LC3
withoot Triton the average was 13+ 4%, and with Triton it was
12 + 3%, for LCS without Triton it was 20 £ 5% and with Triten it
was 26 + 5% and for LO6 withoot Triton It was 15+ 0 % and with

Figure 3. The active site of EcPurE with AR [POB: 107A, Chain B] |s displayed. It is
colored by amine ackl residue hydrophobicity, with bluoe for the most hydrophilic.
o white, to orange-red for the most hydrop hoblc, AIR (Ereen color] & deep in the
bindirg-sive pocket. The residoes em the right ane K17 and E1 58 {blue calor) and the
residne on the It (s A6 (bedge cnlor] Two representative compounds (LCE and
LL3) are docked in the active shie, The active site appears to be relatively open and
spackins, with ample space fior the compounds. Witha ny of these compoonds in the
artive site, molermles simlilar In stre to AIR wonld be bincdked fram entering the
actve site

— T — T
4 S0 86 T B B

Figure 4 The activity of 10nM BoPRurE in Tris-25 (x) was momiored by the
abmarbance at 260 rm of 30 uM CAIR. To meeasare the inkibiion sctivity, LC1 o
NAIR (20} anel BaPurE (30 mul) was Inmibaied in Tris-25 for 1.5 min at 20 +C,
Fallorwding by adeliticm of an equal volome of CAIREo give an astay sample consisting
0f LCT oy MAIR {10 4], FaPooE { 10 nh)and CAIR (30 uh jin Tris-25 with 1% DS,
Thee Azgp walue was monitered for 1.5 min at 20 “C; thelinear portion of the plot was
fitted to give 2 Adgeo)Ar walue (initial rate). The inhbibition activity af LC1 (filled
sejuare)was 30E.and of HAIR {Alled iflangle] was 21T In this paired un, The average
inhibition activity For LC1 was 27 £ 6% {n =3}, and for MAIR was 21 £ 3%,

Tritonit was 7 £ 4%, These results indicated that the observed Inhi-
bitions were not due to compound aggregation i nduced inhibition.

1.6. MIC values

MIC assay results (Tables 1 and 3) were highly reproducible. On
repeated testing most were identical, a few differed by twolold,
and only 1 differed by fourfold Five compoonds exhibited excel-
lent bacteriostatic antimicrobdal activity against B amthracks at a
level of 0.05-0.15 pg/mL. which Is comparable to the activity of
ciproflocacin (011 pg/ml) and better than linezolid (2 pg/mL,
from Ref. 31). Higher MIC values were obtained for these com-
pounds when tested against F. tularensts than when tesbed against
B anthrocts. Thus, four of the compounds had bacteriostatic actvity
against F. tubarensis at concentrations ranging from 1.2-6.3 pg/mlL,
while one compound (D03} had no detectable  achwvity
[MIC =125 pefml) Two of the compounds (LCS and LCB) had
detectable bacterlostatic activity against Y. pestls, with MICs of
3.1 pgiml, whereas the other three compounds were mactve
[MIC = 125 pgfmlL} (Table 1}

Comparative testing of these compounds against methicillin-
suscepbible 5 aureess (M55A] and methicillin-resistant 5 gierews
[MRESA) revealed three pattems of actvity. One of the compounds
[LC3) was inactive against both M554 and MESA (MICs > 12.5 g/
ml} Three of the compounds {LC1, LCS and LC8) had excellemt
activity agalnst MS5A, with MICs of 0.29, 0.78 and 1.56 pgfmL,
respectiviely. These MICs were in a similar range to that of the posi-
dve control antdbdoetdc, dprofloxadn. These compounds also had
activity agaimst MRSA that was similar bo their activity against
MSSA (within a 1-3 lold difference], with anti-MRSA MICs af
039, 195 amd 313 pg/ml, respectively. The ffth compound
[LCa) teste] against these staphylocoecal sirains had a undque pat-
tern of activity, when compared with the others. It was highly
active agalnst MSSA (MIC =020 pg/ml} but inactive agalnst MRSA
[MIC = 125 pgfmL)

These compounds were alsoe tested against E. coli as a represen-
tative Gram-negatdve pathogen. mital stodies revealed that wild
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Tahle 1
The thermal shift (AT} of BaPurE induced by compeunds (100 pM) and inhibltony activity of compounids (10 g} toward BuPmE |0 25 mg Tris buffer
Compound ATg' [T} [nidbitom” (%) MIC (pg/mi)
BaPurE BaParE Ba* fre ' MESAT MREA BoATel™
Lt an 27 nis E25 »125 029 0.9 29
LCZ 8 18 (E§ 1] 31 =125 *1235 6.25 a3g
L3 14 13 oo #1215 #12.5 #1215 *12.5 #1Z5
L4 14 18 ek [i] 63 125 02 *13.5 i1
LCS 11 20 oos 16 LR 078 1.95 nor
Lo8 14 15 o8 1.2 34 156 3,13 039
MAIR i8 24 e N M HD HD HD
Ciprofloxarcin ND* ND o 0o3 .04 035 0.34 om
Limezalid ND MO > ' M o ND ND

Alsa |Isted are the MIC vales of the compaunds against varipus bacterial strains,

2 AT, =T _ TE, with the average transition tempeTature for BrfuorE (¥5) s 47,6 *C fram high thromghput seveening, with n= 4872 755 values were average values from

replicabe rurs in high-throughput soeening. For NAIR, n=32.
¥ yalues were averages, with n= 2—4 with the standard deviations ~7X.

© B = & arichrocis {AANR strain) cells: Fr=F tukireresis cells; Y= ¥, peatis celis: MSSA = 5, gurets {methiclBn soaceptible strain 20213) celle; MRS = £ cuirens {methicllin-

resistant sirain 43300) cel ls; ECATSIC = £ cof {BW25113 ATWC) calls,
* Np-not determined.
T Ref 31
F Ref. 4l
E Ref 41

Table 2
Crmctores af the inhisitor camponnds in Tabde 1

AN
h—N O

Compound F1 Rz

Lc1 Thiaphene 1-{Teluene-4-4olenyl }-1,23,
d-tetrahydro-guinod ine

Lz 25-Dichorekemene 2-Phirdlepidi ne

L3 Z4-Dimethylbenzene Benzophenone

L4 2 5-Dimethylbenzene 3-Chlpmabenzens

LCS 2 5-Dimethylbenzens 2 5-Chlomthiophene

LOG 4 Bromoben oene #-Chlpreaniscle

These compounds include a cone stroctume of 2-carboxa mido-1,3.4-oxadiazole. with
the R, and R, groops noted.

ype E b was highly resistant o these compounds
[MIC > 12.5 pgfmL). However, four compounds were highly active
against E coli ATebl, with MICs anging from 0.02 to 0.4 pgiml,
and one of the compounds (LC3) was mactive, Two of the com-
pounds {LC4 and LES) exhibited actwitles (MIC of 0,02 and
007 pg/ml, respectively) that were comparable to that of
clprofloxacin (MIC of .07 pg/mL}) against £ coff ATel.

The MBC value against B amthracts for LC was 6.3 pg/miL and
for LCS was 08 pgiml. The values for LC1, L2, LCE, and LG were
»125 pgiml. Por all six compounds (LC1—LOE), the MBC/MIC
ratios were >J. Thus these compounds exhibited bacteriostatic
activity against B, onthrmds,

1.7. Core structure identilication

5ix Inhibitors exhibited very low MIC values agalnst B anthracs
(0L05-0.78 pgimL] [Table 1}. We found that all six inhibitors con-
tained a fommon core stroctare, a 2-carboxamido-1,3,4-oxa-
diaznle [Table 2). The inhibitors that exhibited MIC wvalues
=125 pg/ml against B anthrucis, F. fwlonensis and Y, pestis (Table 3)
did not have the same core structure amd were not tested against 5.
aureus and E coli ATalC.

4. Discusslon

N-carboxy-armino-imidazole ribonucleotide muotase (PurE) is
an essental enzyme in the de movo punne biosynthesis pathway
in B anthracis, F, tulerenss, 5 ourens, ¥, pestis, and many other
pathogens, and studies have shown it to be a potental target for
a mew generation of antibi odies >

The standard enzyrme asay for PurE is 8 UY-based assay, 1519
which ks insensitive for high-throughput screening. Thermal shift
binding methods have been used to screen for compounds binding

Table 3
The thetmal akift {AT,.} of BoPurE indored by inbibitnrs thar exhibited barge (125 |1l ] MIC valoes for 8 anthrock {4 ANE strsing, £ nsrenss, and ¥, pesi
Compaund BaPurE SMILES WIIC {ugjmL]
ATz Inhibition B R ]
08}
Lc? 52 B BrC =0 =0 0= 1 =0 M =00 =001 N =M = =0T S =0 —OW 1= {00003 »125 HD® ND
LCB 1B 20 PO =00 O =0l C=C 1 X =M 0 1= 00=C{ O0{ =0 MO 3= 0053 0~C1 »125 135 »135
s o 17 Em:qucxpnc:clﬂ:n]nc]:cmc:n CI=MRC=CR=N1 125 =125 2125
LCi0 44 AT B LOC = No ][ OO0 00T =051 30052 »125 135 =135
Lei 14 FC{FY F)C 1 =000 0 MO0 NI 0N {002 =N 30— N=C30=CT b »125 135 »135
LCIZ 15 12 HS{=0{=0}C1=CC=C{NC{ =0 S C2=HN=0{ D XZ=C0=CC=Z)0=C1 25 NOD ND
LC1a 47 11 CICI=CC—OC—C1 1= CNC{ =02 —0r—C TSt =125 125 »125
LC14 1B 7 COOCO XN CI=NE=0{ N1 L @C0C =0 C=C 0|0 M =0 D =0iNaC ND 3125 ND
LCiE 12 B O =0 OO == 1 WA =M C NI =N E =0 NEC = E=C[ T =3 =CIN =0 001 #35 135 ND

Thesse inhibitors do not have the cone stroctone discussed in the text and shown in Table 2. Sanyples used both thermal ahift ard inhibitions were in Tris-25

* NDv= not determined .
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to proteins, However, in 50 mM Tris buffer at pH 8, a buffer condi-
ton wsed in most PurE activity studieg !5 we showed that the
thermal shift from a malecule known to bind to PorE, NAIR, was
relathvely small (1-2 °C) We found that a much larger thermal
shift, about 5 °C, was observed for BaPorE in 25 mM Tris buffer at
pH B With thizs buffer condition, we identified over S00 com-
pounds in a chemical library of about 25000 compounds that
exhibited 1-20°C thermal shift and thus as “binders’ to BoPurE,
These compounds were further selected as potentially binding to
the active site, with docldng method. Sixty compounds with hdgh
docking scores were selected for enzyme actvity inhibition mea-
surement, and 15 compounds found to inhibit BaPurE activity. Sew-
eral compounds exhibited an inhibition activity comparable toe that
of WAIR. NAIR has been reported o be a dght-binding inhibltor of
Gallus gallis PurE with a K of 034 nb but a steady-state inhibibar
of E coll PurE with £; of 0.5 pw, >

Six inhibitors also exhibited low MIC values against 8. orethroces
[AAMR strain), E coli (BW251 13 stroin, ATobC), E twloremsis, 5 aur-
ous, ar ¥. pestic. Twa of these Inhibdtors exhibited activity agalnst
3 of the & Category A biowarfare agents (F. tulrrensis, B omthrocs
and Y. pest, COC Informathon) at lewels comparable bo current
commercial antibiotics, presumably through a different (nowel)
mechanism not wdlized by any other commerdal antiblotc. The
precise maolecular mechanism awaits future eluckdation. It Is nter-
esting to note that the MIC values of the compounds were much
lower (abowt 0.1 pM for LCS, for example) than the concentration
(10 puM) needed to exhibit inhibition toward BaPurk activity. Theze
results suggest that other protein/ noyme molecules are also tar-
geted by these compounds Clearly additienal studies are warranted
for further development of these antimicrobial compounds as
potential drug molecules

These & compounds exhiblting low MIC values contaln a care
structure of 2-carboxamide-1,3,4-oxadiazole. A component of the
core structure ks the 1.3.4-oxadlazole modety. Compournds
containing the 1.34-oxadiazole moiety have been identified in
seweral studles (2.z,3737), and reviewed recently 39 Four of the five
recenty identified inhibitors of frans-tramslation contain the core
gtructure ™ but thess four compaunds are not the same as the ones
identified in this study. As noted previomsly,* *there are numerous
literature examples of the 2.5-disubsttoted-1,3.4-oxadiazole
systemn that hawve shoem biobogical activities including anticancer,
antl-inflammatory, antifungal, amtwiral, and antibacterial ar
antirmycobacterial actvity'. Arnong st the compound s with this oare
structure that hawe appeared In Hterature, only one compownd
deseribed here (LCS) has appeared in literature.™ However, the
published studies have not Kentified detailed mechanism of action
of these compounds.

Our stodies identified six inhibivers from high-throughpat
screening with BaPurE that exhibit high-level antimicrobial activ-
ity against B. anthimas (MIC < 1 pg/mL). The finding supports the
apgroach of screening compounds for enzyme inkfibition activity
as 4 means to [dentfy lead agents with andmicreblal actvity.
Some of the compounds had cross-straln activity against F. tularen-
sig and Y. pestis, but with MIC values that were ~10 times higher
than those for B anthrads, The reducton In activity against these
species i5 perhaps 4 consequaence of limited cell penetration or diE
farentlal efflus:

Some of the compounds had cross—strain actvity against 5. aur-
e, In some cases with MICs < 1 pg/ml. These results suggest that
these compounds might represent a new dass of antimicroblal
agents that could be studied and developed for anti-staphylococeal
activity. This possibility is much moaore important for the com-
pounds with antl-MRSA activity (see below), since the clinical
options for treating MESA infections are limited,

Three of the compounds that had antd-Staph (MSSA) activity
had nearly comparable activity against MRSA, In contrast, one of

the compounds (LC4) had high-level bacteriostatic activity agaimst
MESA [MIC=02 pg/mL} but was inactive against MRSA [MIC
#1225 pp/ml) These ohsenations raise inberesting questi ms abouwt
the mechanisms of actdon of the compounds that were active
against MRSA and even more interesting questions about the com-
pound structure—functon related differences that might explain
the high-level resistance of MRSA to LC4

The high-level activity of some of these compounds agalnst the
E. coli efflux pump knockout strain (ATelC) (MIC values between
0002 and 039 pgfml) indicate that the target in some Gram-nega-
thwe bacteria is sensitive to some of these inhibitors. Further testing
of efflux purnp competent (wild-type] strains of E coli and of other
Gram-negative bacteria will be required to determine the extent of
Inhibltory activity and the limbtations of compound efflux and to
consider mears of evading efflux-mediated resistance in E cali

5. Conchslon

Among bacterial pathogens, an Increased concern exists for
organisms that can be used for bioterrorism, swch as Boclllwes
onthrocis ( B anthrocs), which causes anthrax infection. Due o con-
stant bacterlal mutathons, with some mowtations leading to drug
resistance, new antibiotics are arpently and constantly needed.
We used a low ionic strength buffer condition to accentuate the
thermal shift values of BaPurkE upon binding compounds from an
antibacterial foceed chemical hbrary of 24,917 compounds. From
the binding compound Lst, we applied in silico docking o reduce
hilts to 30 compounds for enzyme activity measurements. 15 inhi-
bitors were identified and six exhibited high-level antindcnobial
activicy against B anthrods [ AANR strain) [MIC < 1pgimL). These
compounds also exhibited bow MIC valees against E. coli ATofC, F,
tebarensts, 5 qureess (MSSA and MRSA), and Y. pestls. The compournds
with low MIC values all contained a core structure of 2-carbox-
amide-1,3 4-oxadiazobe. It should be noved that with the conoen-
trations needed for BaPurE inhibithon beimg much higher than
MIC walues, our study abo suggest that other proteim/enzymme
malecoles are being argeted by these compounds. With the aw
MIC values, we belleve that these compounds are well-suited for
Further studies on the mobecn lar mechan s of thedr antinycrobial
acton and for future synthetc mprovement to enhance antimi-
crablal activitles for drug development.
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